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COUPARATTVE ANALKIS OP THE DESIGNS AND IMPIEMENTATION 
OP VEmCIES BASED OJ FEACTIVE PROPULSION PROPOSED DURINO THE 
NINETEENIH AND BBGINNIN3 OP THE TWENTIETH CEfnWflES'*" 

^ctor N. SokDlsky (USSR)"*^ 

In studying the hlstoty of rocket technology* the question arises: to what 
extent were the ideas and proposals e:q>ressed during the nineteenth and beginning of 
the twentieth centuries actually realized? This r^Mrt is devoted to a pi^lijidnaz^ 
investigation of this question. 

Examination of the presently known historical scientific literature related 
to the problem of reactive fli^t indicates that considerable attention had already 
been given to this problan in the nineteenth century — suffice it to say that about 30 
designs for reaction flying vehicles were proposed during this period. Inventors were 
attracted by the apparent sirpllcity of the solution to the problem of fll^t with 
engines based on the reaction principle. Hcwever, the authors of a majority of the 
deslgis limited themselves only to a presentation of a diagram of the engine or an 
account of the principle of its operation, giving neither plars for its structural 
development nor precise calculations of the amount of energy required for acconpllshlng 
reaction fll^t. Such an approach was typical of the nineteenth century and is 
indicative of the extremely low level of theoretical developnent attending this problem. 
None of these authors considered the reaction flying vehicle as an Object of variable 
mass, their choice of energy sources was extremely random, and tte theory of the fUgJit 
of reaction flying vehicles ranained completely undeveloped. 


"'^Presented at the Fifth History Synposlum of the International Academy of 
Astronautics, Brussels, Belgium, September 1971. 

Cldef HlstOi. .1 for Astronautics and Aeronautics, National Cormlttee for 
the History of Science and Technology, USSR Academy of Sciences, Moscow. 
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An analysis of the designs of reaction flying vehicles developed and pro- 
posed In the nlneteaith centuiy (Table 1) shows that they can be divided Into three 
grotps, depending on the method for producing lift (the horizontal motion for the 
vdilcles of all three groigps was acconpUshed due to the reaction of ejected particles 
of matter) : 

Qroip one — aerostatic principle — Ughteivthan-air reaction flying vehicles; 
the lift Is produced with a gas lighter than air. 

Gtroup two—aerodsmamlc principle — heavler-than-alr reaction flying v^cles; 
tbs lift Is produced by the flow of atr arotsid the support surfSaces (wings). 

OroMp three — rocket-dynamics principle — heavler-than-alr rocket flying; 
vi^cles; the lift Is produced by the z'eactlon of ejected particles of matter. 

The principle difference between vehicles In the second and third groips Is 
that the atmosphere Is necessary as a supporting medium for the flight of vehicles In 
the second group, vhereas the atmosphere is not only unnecessary, but even detrimental, 
for v^cles In the third group, l.e.. It produces additional drag. 

Flying vehicles of the first group— reaction aerostats — appeared unpromising 
and did not undergo further develcpnent. Reflnansnt of v^cles of the second group 
led evaituKLUly to the creation of Jet aviation, while the v^cles of the third group 
led to the creation of long-range rockets. 

It Is also of Interest to divide the proposed designs Into groups depending 
on the energy source. As preposed, such sources Included: conpressed air or other 

gas, water or alcchol vapor, and also conbustlble products which divided themaelves 
Into three subgroups corresponding to soUd-prcpellant rocket engines (SFRB), liquids 
prcpellant rocket engines (IfRE), and Jet engines (JE). From the point of view of 
examining &nergf sources, the greatest Interest attaches to the designs of S. S. 
Nezhdanovsky tdu>, during tbs first half of the l880s, preposed a design of a Uquld- 
propellmit rocket engine cperatlon with double-conpcxient propellant.^ Liquid hydro- 
cazhons served as the fuel, and nitric acid or nitric oxides as the oxidizer. 

The develcpnent of designs for reaction flying vdilcles In individual 
countries did not adways coincide with the general dlrecticxi of developmert of the Ideas 
of reactive fll^t In the nineteenth century. Thus, for exrnple, designs of v^cles 
belonging to the first group (reactlcxi aerostats) predominated mainly In France, Italy, 
and the 16A, while desl^pis of vehicles belonging to the second group (reacticxi aircraft) 
predominated In E^igland and Oeimany. Together with v^clcs belonging to the first two 
groups, much consldet^tlcxi (six (tesl^is) was given v^cles belonging to the third group 
In Russia. Vfork on such v^cles was also ccxxlucted In ^paln. 

Vi^cles In group three are of the greatest Interest for the history of 
astronautics, l.e., they did not require the atmosphere as a supporting medium and could 
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or aethors* notebooks by < >. 

Z) The table does not include prc^poeals of K, Zhir, V. Angius^ Sh« Luvriet^ S. M. 

Nemirovsky, V. D. Spitsin» and several other authorsi i,e.» in the materials at our 
disposal there are insufficient data about the operating principle and design of the 
vehicles they proposed. 

























be applied In principle for flight In the vacoum of space. However, In all of the 
designs presented above, the authors considered the plication of the principle of 
reactive motion only for flight within the terrestrial atmosphere. Nbt one of than, 
including Arias, Kbal'chlcdi, htedidanovshy, Oarnswlndt, and Fedorov, whose vehicles 
did not require the atmosphere as a suj^rting medium, raised the question about the 
possibility of applying these v^cles for interplanetary flight. Ihls plication 
was first proposed and scientifically Justified by cm of the greatest sclaitlsts of 
modem tines, K. E. Tslolkovsky, vhose name is Inseparably connected with the beginnings 
of rocket and space science and technology. 

Ihe end of the nineteaith and beglmlng of the twentieth caiturles are 
characterized by Increasing Interest In the theory of Interplanetary fU^it. Isolated 
worlcB devoted to this problem aig)eared In a nunber of countries— mainly In Russia and 
Germany. Ihe awearance of these works, whose authors first attenpted to Justify 
theoretically the p(»slblllty of flight In Int iplanetary ^>ace and prc?)08ed sclattl- 
flcally sound designs of spacecraft Intended to solve this problan, indicates that the 
foundations of the theory of space flight began to be formed In Just this period. 

Ihe urge of mankind to explore other worlds had previously arisen In 
earliest antiquity; however, for a very long time that urge was abstract and speculative 
in nature, and was enbodled in the most fantastic fU^t proposals. This was caused in 
part by the repeatedly changing Ideas about the structure of the universe, vMch went; 
throu^ a long and conplex evolution — ^from the Idea of geocentrlclty and the Earth as 
the only Inhabitable celestial object, to the presoit physical picture of the universe. 
Only in the last century and a half. In connection with the development of science and 
tecdmology, did technically more valid space flight designs begin to appear— In the 
foniB of super long-range artillery, circular railways, a gigantic sling, etc. Ho'. >ver, 
none of them could be realized in practice. Only at the end of the nineteenth century 
was the only realistic way for solving the ;^'roblem found— using flying vehicles based 
on the reaction principle. 

Tslolkovsky became Interested In the prpblem of interplanetary fUgit in 
the 1870 's and l 880 's, and In 1897 ^ he derived the now widely known formula of rocket 
dynamics that bears his name and established the dependence between rocket fUgit 
velocity discharge velocity of the products of conbustlon V, , the mass of the 
propellant M^, and the mass of the rocket structure 
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Of course rockets were well known long before TSlolkovsky. Ihey were used 
for fireworks and for delivering signals, for Illumination, and as mllltaiy ordnance. 

Many scientists and Inventors worked can Ijrprovlng rockets, but not one of them proposed 
using them as a neans for acccmplishing interplanetary fll^t. On the other hand, many 
Inventors, even before Tsiolkovsky, thougjit about the problem of flight in space, but 
none of them proposed using rockets for this purpose.^ Tsiolkovsky served to unite 
these two technical directions. Justified scientifically the possibility of the applica- 
tion of the reswjtlon principle for space fli^t, and developed the fundamentals of the 
theory of rocket dynamics. 

At the beginning of the twentieth century a nuntoer of scientists and in- 
ventors, Independently of each other as a rule and often not even aware of analogous' 
prcposals made by other authors, became occupied with the problem of space fll^t. 

Besides Tsiolkovsky and Ganswlndt vto began work in this area at the end of the 

« 

nineteenth century, this problem occupied R. Goddard (USA), R. Esnault-Pelterie (Prance), 
H. Cberth (Germany), G. von Plrquet, P. von Hoefft (Austria), and other investigators 
(Table 2). 

Ccxisiderlng the prcposals in the theory of space fllgjit suggested during the 
end of the nineteenth and the first third of the twentieth century, the very wide range of 
proposed energy sources is noteworthy — from solid propellants (dynamite cartridges and 
smokeless powder) to electrical and nuclear energy and radiation pressure. Also very 
typical, when cc»isl(terlng the possibility of space fli^t, tte authors of this group of 
deslgis gave much rtore attenticai to prbblons of determining the required amount of 
energy and the theoretical calculations of rocket fll^t. 

An analysis of the Tsiolkovsky formila indicates that the most effeo.-lvB 
method for increasing the velocity of rocket fll^t is an increase in the discharge 
velocity of the products of combustion. Thus, efforts of scientists during this period 
were directed to the selectiai of the higjjest caloric prcpeliants having the greatest 
caloric value. Starting from Just these considerations, in 1903 Tsiolkovsky proposed 
liquid hydrogen and oxygen as prc^llant components. He calculated theoretically the 
value of the ideal discharge velocity equaling 5700 m/sec. "I do trot know of a single 
group of substances,” he said in Justifying his choice, "which would liberate such a 


It should be noted that references to rockets used for fllgrtt to other 
celestial objects are encountered in several science-fiction works such as, for example, 
"L'hlstoire comlque des etats de la lune," Cyrano de Bergerac (16^»7 - 1650), "A Journey 
to Venus," Ashil Herlot (I865), and "Prom the Earth to the Moon," Jules Verne (187^). 
However, the topic of all these literary works was not scientific technical designs, but 
rather focused on the fantasies of the novelists. 
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TA3LE 2 

DESIGNS FOR ACCOMPLISHING SPACE FLIGHT PROPOSED AT THE END OF THE 19TH AND 
BEGINNING OF THE 20TH CENTURIES 


r 


Achievement of Space Velocities 

Launch From Orbital 

Energy Source 

— 

Using .Single- 
Stage Rockets 

Using Multi- 
Stage Rockets 

Lcunch From Fly- 
ing Vehicles 

Station and Flight 
into Space 

Solid propellant 

Csntwindt ;1893/ 
(1899) 

Oberth <1909> 

Goddard (1919) 

Canswirdt <190l> 


• 

c 

Hydro - 
carbons 
+ oxygen 

Tsiolkovsky 

(1914) 

Oberth <191S> 
Tsiolkovsky 
(?929) 



! 

a 

*0 

1 

j 

Hydrogen 
+ oxygen 

Tsioikovsky 

(1903) 

Goddard <1907 - 
1909> 

Oberth <1912> 
(1923) 

Kondratyuk 1917 - 
1919 

Taander /1923/ 
(1924) 

Oberth (1923) 
Tsiolkovsky 
(1926 - 1929) 
Hoefft (1928) 

Tsiolkovaky 
(1911 - 1912) 
Oberth (1923) 
Hoefft (1928) 

Taiolkov.ky (19i8) 
Oberth (1923) 
Taander /1924/ 
Hoefft (1928) 

Metals 
(structural 
material) ^ 

Tsandcr <1909> 

Kondratyuk 

<1920> 

(1929) 

Tsander (1924) 


Nuclear energy 

Tsiolkovsky 
<1903 - 1911> 
(1912) i 

Goddard <1907> | 

Esnault-Pelterie | 
71912/ (1913) i 

Tsander <1925> i 

Bing (1911) 



Electrical 

energy 




Goddard <1906> 
Tsiolkovsky <191 1> 
(1912) 

Ulinsky <1915 - 1916> 
(1920) 

Kondratyuk <1917> 
Tsand«?r /1926/ 
Glushko /1920 - 2*5/ 
Oberth (1929) 

Radiation 

pressures 




Kondratyuk <191 7> 
Tsiolkovsky <1921> 
Tsander /1923/(1924J 

Energy source 
not indicated 


Goddard <)909> 

Goddard <1907> 

Pirquet (1928) 


Note: Dates of pro]>osals contained in published works are indicated in the table m parentheses ( ), 
dates of proposals contained in oral reports and materials presented before various organizations 
are indicated in / /; dates of proposals contained in unpubliahed manuscripts and notebo<*Vs are 
indicated in < >« 
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tveaestdaos amount of energy per unit of products wltii ttelr chemical oont)lmtlan.*'^ 

I| 

Dlls sere propellant was later considered by R. Goddard (1907-1909)* 

H. Oberth (1912-1923)f Yu. V. Kxidratyiik (1917-1919)? P. A. 'Rsander (1923)1 and otter 
Investigators. HDViever, the enersr requlrenents of the propellant ofcen conflicted 
tdth operational requirenents. Ihe application of sudi caeponents as liquid bydroeen 
and oiygen Involved great operational difficulties. Fforeover, during the first quarter 
of the twentieth century the production of liquid hydrogen In quantities sufflclerd: fbr 
practical requlremencs did not exist. Ihus, the authors of a ruder of designs dis- 
cussed less caloric, but safer and ncre avall^le propellants, repladng the liquid 
hydrogen with various hydrocarbons (sub as, fbr exatple, alcohol, gasoline, kmnsene, 
etc.). 

Others soon learned that there are fuels having a greater caloric valu 

than the coeblnation of hydrogen and oxygen. In 1909 Tsander first arrived at the 

thou^t of the posslhlUty of using the structural naterlals of the Interplanetatry 
a 

craft as fuel. Beginning in 1917, he began experiments In the Ignition of molten 
metals, and soon (htalned nunerlcal values of the caloric value of nagieslum oxide 

Q 

and other materials. During 1920-192<», Kondratyuk also wrote about the possibility of 
using hl^-calorlc metals as fuel.^^ However, even this path — the application of hig>- 
calorlc metallic fuel— did not make It possible to solve the problas of space flight 
during this time. Calculations Indicated that slr^e-stage rockets operating with 
chemical propellant could not (with a feasible mass ratio of propelLant-to-structure) 
even achieve orbital velocity. Ihus, scientists and Inventors continued to search for 
other foirtB of energy slgilflcantly exceeding the energy of chemical propellants. 

Nuclear energy was o-^ siich form. In one of the unpublished manuscript 
versions of the work "Explcration of Space with Rocket Devices," ’’^iolkovsky had already 
indicated the possibility of using the energy of the atom, ihlch ipon disintegration 
releases "particles movlri; with the velcxlty of ll^t (or close to It), i.e. , 6000 times 
note rapid than particles of water vapor. The proposal for the vise of enerar of 
atomic decay for space fU#it is also found In the manuscripts of Goddard In 1907.^^ 

R. Esnault-’^lterie struck ipcxi the possibility of using nuclear energy for ^>ace 
fli^t during this same year. He expressed this Idea In a report given in November 1912, 
and pihllshed In 1913-^^ 

Electrical energy is another promising form of energy for space fUgJit, 

wherein the propellant Is accelerated to very hl^h discharge velocities In the rocket 

engine. Tisiolkovsky^^ and OoeWard^^ indepaidently of each other, had already arrived 

at the Idea of producing electro-rrxdoet engines during the first decade of this century. 

17 

Tsiolkovsky first piblished this idea in the Journal Viestnlk vDzdukhoplavarriya (1912). 

Goddard conducted experiments directed toward producing an ion rocket engine in 1916- 
1 R 

1917. In 1920, he obtained a patent for "A t«thod of and means for producing 
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electrified Jets of Ikirlns this saoe /nt, P. UUndgr (Austria) publicly dls- 

20 

cussed Ills Ides of producins electron s(>aoecraft, sn Idea he had conceived during 

21 

1915-1916, SB several authors have vwlfled. The probleiK of using electro-rodoet 
engines fbr apace fU^. later occipled R. Ooddard (1916-1929), lu> V. Kondratyuk (1917- 
1919), K. E. fWoUtovslQr (1921-1925), P. A. Tbander (1926), P. UUn^ (1927), V. P. 
Glushko (1928-1929). and H. OberOi (1929). 

Dicing tte first third of this centmy, hoiievar, proposals to use these 
ftne of enersT fhr solving the problen of apace flight could be considered only as 
poten ti al develcpoents; l.e., the state of technology did not yet peralt creating the 
pr opo se d engines in a fbn suitable fbr use In flying vehicles. Moreover, these low- 
thrust engines could find practical application only after overcoDlng the gravitational 
pul 1 of the Earth and the escape of the flying vehicle Into a space orbit. Das, the 
problem of finding a practleal near-term loethod for achieving q>ace velocities contliued 
to hauit the Investigators. 

A second my to Increase the velocity of rockets, also following direculy 
ftw ttie laiolkDvsky fonaila. Involves altering the passive mass of the rocket during 
flight, ilnalysls of the ft nda cental equation of rocket dfnand.cs led to the conclusion 
that, to Increaae ttie velocity of a rodoet In it is necessary to eliminate un- 

necessary structural elements as soon as possible wltfa the depletion of propellants, 
ihile retaining only those parts ihich are neces sa ry for the subsequent normal flnctlonlng 
of the rocket. Starting with this. In 1909 Goddard arrived at the idea of multi-stage 

rodoets.^ Dr. 1911, A. Bing obtained a patent^^ for "A vehicle for Investigating the 

'f* 24 

vpper layers of the ataoaphere,” that also contained this Idea. Di 1912, Ibander also 

2*5 

perceived the sultablU^ of ejecting Individual exhausted structural elements. Ihls 

26 

sane proposal Is contained In the works of Kondratyidc of 1917-1919* 

But the multi-stage rodoet idea was expressed most cospletely In 1914 by 

27 

Goddard, who obtained a Ikilted States patent for a two-stage rocket during this year. 

28 

In 1919, he p r oposed using a two-stage roc st for sending a projectile to the Noun. 

Hie Bultl-stage rocket i^ca fbr space fU^t was later developed by Oberth, who considered 

It In detail In his work of 1923?^ and by Tslolkovsky, who developed In 1926-1935 the 

30 

ftai da ne nt als of the mathematical thecny of nultl-stage rockets. 

ihe use of the principle of multi-stage rockets permitted solving the 
problem of achieving space velocities In the shortest possible time. Di fact, experi- 
mertal work had alreadf begin In the 1930s In a nurber of countries; an altltute on the 
order of 400 km was adileved in the 1940s with a two-stage rocket, and in 1957, the first 

^In this connection, there is no patent of A. Bing In the Soviet Ihlon. 
Information about his desl^ is given on the basis of reference 24. 
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artificial satellite of the Earth was sent Into orbit with the help of a two-stage rocket 
with five engines. Jtiltl-stage rockets are now very widely used. However, the applica- 
tion of this principle did not conpletely solve the problem of ellmlnatir^ the negative 
effect of the passive masses of the rodcet. The unnecessary parts of the rocket were 
slnply ejected, without bringing any benefit. H«js, other Investigators be^n to 
consider the possibility of using these parts for Increasing the active mass of a rocket 
(l.e., the mass of the propellant). 

TSander (1909)?’ and scneihat later Kondratyuk (1920)|^ gave an afflrnatl'je 
answer to this question, proposing the use of the structiiral parts of the rocket as 
additional fbel.^ Ihls proposal was published in the 1920s|^ althou^ It has not yet 
received practical realization. Scientists and engineers at present cannot give a firm 
oiswer to the question about the probability of Its irplementatlon In the fbture. But 
this proposal was examined rather thorou^ily in the 1920s, and excited significant 
Interest- 

The third method for solving the problem of a^evlng space fll^t veloc- 
ities attracted great attention among Investigators, particularly at the Initial stage of 
the creation of the theory of space fll^t. It involved firing the rocket not directly 
from the Earth, but from a hl^ altitude launcdi base \dilch could be, in the opinion of 
the Inventors working on this problem, either a hi^ mountain or a flying vrfiicle that 
would raise the rocket to a sl®Tlflcant altitude. Sudi a proposal was first sxiggested 
at the beginning of the twentieth century by G. Ganswlndt, who proposed raising his 
spacecraft as hl^ as possible with helicopters, and only then starting the rocket 
engine.^ Analogous proposalr (but with the use of aircraft — aerostats) were also 
suggested during the first quarter of the twentieth century by Goddard (1907), 

Iblolkovsky (1911)^ Qberth (1923)? and von Hoefft (1928).**° 

Ibis approach attracted the attention of Inventors because it would elimi- 
nate the necessity of overcoming tlie drag of the lower, denser layers of the atmosphere, 
and would therefore ecorwmlze on the amount of energy required. However, Its practical 
acconpllshment presented slgiiflcant difficulties, conpletely insurmountable at that time; 
indeed. It has not yet been practically enployed. 


It should be noted the notebooks of Goddard for 1908 ^ and also his 
manuscript of 1913^** contain mention of "rockets consisting almost entirely of propellant" 
or even "consisting conpletely of fuel." However, on the basis of material of Goddard 
at our disposal, it is not possible to respond unambiguously to the question whether 
the proposal In this case was the use of elements of the rocket structure as propellant 
or slnply conslderatloti of the theoretical case with negligibly small mass of the 
structure as corpared to the mass of the propellant (or a hjrpothetlcal design case with a 
conbust5ble shell), especially as there is no direct Indication of the use of metallic 
fuel anywhere in the materials of Goddard known in the Soviet Union. 
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Using an artificial satellite of the Earth as an "Internedlate station," 
(l.e., to laiaxA a spacecraft fron an artificial satellite) appeared more promising, 
nils proposal Is encountered In the irarlcs of a nunter of Investigators. In 1928 von 
Pirquet considered the problem of using artificial satellites of the Earth as Inter- 

2ji 

mediate interplanetary stations In detail. Kondratyuk expressed a very Interesting 

Idea using an artificial satellite of the Nxn as an internedlate base for interplanetary 

ho 

flints. The idea of using artificial satellites of the Earth as Internedlate bases 
is very premising, and is an elenent in a nu..^r of present deslgis for reaching distant 
celiistlal objects. Howe';er, even today this proposal, thou^ considered In nunerous 
deolfpis, has still not obtained practical realization (because of Its ccnplexlty). 

Some investigators also considered the Noon, the natural satellite of our 
planet, and other celestial objects as intermediate interplanetary stations. As a rule, 
they started fVom the prendse that elem^ts would be found cn them which could be used 
as propellant caiponents. They also accounted for their si©xlficantly smaller mass (as 
coqpared to Earth), »*ich made escape velocity possible with significantly smaller pro- 
pellant consLBptlon. However, none of the mentioned investigators considered the pro- 
blems of obtaining and processing the required materials, preparation of the launch com- 
plex, and other operations related to the technical organization for preparing and 
launeWng spacecraft once on the Moon or another celestial object. 

Scientists woricLng on the solution of the problem of space fli^t during 
the first quarter of the twentieth c«itury also suggested using radiation pressure for 
fli^t in interplanetary space. They gave the corpletely correct relation between le 
periods of operation of engines of the various t^s. Fbr fli^t to and rrem Earth, 
times when it is necessary to overcome the gravitational attraction of the Earth and to 
lirpart si^Tiflcant accelerations to the spacecraft, they indicated that one should use 
the ener^ of chemical prcpellants; after escape into orbit and at a sigilflcant distance 
from the Earth, with fll^t in Interplanetary space, one should use the enen^ of radia- 
tion pressure. 

Consideration of the proposals made during the first quarter of the 
twentieth century on possible methods for achieving space velocities for space fll^t 
indicates a very wide range in the proposed form of ener©r, as well as the structural- 
conconent designs for spacecraft. During this time, the following questions were 
examined: 

. production of liquid-propellant rocket engines; 

. application of high-caloric metallic fuel; 

. wher forms of ener©r (nuclear and electro-reaction engines, 
solar radiation pressure); 

. the structural material of the rocket itself as additional fuel; 
application of rrulticorrponent and nxilti-stage rockets; 
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• Intermediate Interplanetary bases In the form of 
artificial satellites of the Earth and other celestial objects; 

• application of win^ for a gliding descent to Earth and other 
planets having atmosp^ieres; 

• the relative motion of celestial objects for acceleration or 
deceleration of ^cecraft. 

At thrj same time, other problems were also considered: the launch of spacecraft, deter^ 
mb^t^.on of the optimum angle of launch, search for optimum trajectories and fli^t 
modes . ^>acecraft heating with passage throu^ dense layers of the atmosphere, life sip- 
port ystems for the crew, return of the craft to Earth, analysis of fll^t trajectories 
of spacecraft, and a number of other scientific and technical questions related to the 
problem of ^ce fll^t . 

Thus, the works of the theoreticians of astronautics in the initial period 
of the development of rockets and space science and technology that ended in the 1920s 
provided the fundamental solutiai of the basic problems and established the principles of 
the theory of space fli^t before reliable rocket engines and rocket vdilcles had been 
produced In any single country. At the same time, many investigators were sep>arated from 
Imneciate practical problems and very often looted for solutions in such remote areas as 
us ng electro-rockets, nuclear engines, solar radiation pressure, and the like. EXrring 
th development of the theoretical pidnciples of sp>ace fli^t, many other problems were 
raised and solved '>arately from the main stream of the development of rocket technology, 
without;. Vitilch the practical solution of the problem of space fli^t would have been 
iirpossfbie. 

At the end of the nineteenth and beginning of the twentieth centuries, to 
be sure? »roctets were no longer used as military ordance . Nevertheless , attenpts were 
repeatelly made to reactivate this weapon, p>airtlcularly in the years L^nedlately pre- 
ceding che First World War, The contenporary successes in the area of aeronautics and 
aviation ajgered a . military role for an air force in a future war. In this con- 
necticHi, autenp' * were soon made to produce a new type of mllltaiy rocket for anning 
flylr^; vdiic!! . WbiSc was also conducted on producing rockets Intended for field battles. 

Analysis of the experimental woiSc in the area of rocket technology carried 
out the beginning of the twentieth century indicates that desigiers and inventors 
wor* Lng oi rockets had to solve, in essence, the same basic problems that confronted 
in t^ie middle of the preceding century: to increase the range and lrprx)ve the 
accuracy cf rockets. However, the progress achieved in other areas of technology now 
permitted solving many of these problems. At the beginning of the twentieth century, 
seamless r teel cases began to find application in rocket construction and iiproved 
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neasurlng instrumentatlc»i began to be used. Msthods for stabilizing rockets became more 
refined. The majority of projects at the beginning of the twentieth century eliminated 
guiding rods and replaced them with other forms of stabilization — by applying stabi- 
lizing surfaces or employing the ®rroscope effect. 

But the level of scientific knowledge in the area of rocket ccxistructlon 
during this period remained as low as before. Most of those working on the creation of 
new forms of rockets were not acquainted with the theoretical works in the area of re- 
active motion, and In a nunber of cases held to naive, often erroneous Ideas about the 
cause and nature of the reaction force. They did not even atteipt to solve the theo- 
retical problems related to the velocity and range of rocket fll^t and, as a rule, 
were corpletely uninterested in such coi'iepts as the efficiency of .he rocket engine 
Itself, or the entire rocket as a whole. 

A basic deficiency in almost all rocket desigris at the beginning of the 
twentieth century involved the adherence, as before, to corparatlvely lew caloric 
propellants, such as black pewder, as the energy source. This hindered the progress 
of rocket technology and led to tactical, technical, and operating data that differed 
little in essence fran the rockets produced in the middle of the nineteenth century 
(conparatively short range, sl^flcant scatter, pranature r\pture of the rocket case). 
Thus, the problem of producing military rockets coirparable with rifled artillery had 
not been solved up to the First Vforld War, Satisfactorily operating flare rockets also 
had not been produced. Rirther improvements in rockets called for replacing black 
powder with an improved, hl^ier caloric rocket prcpellant. Replacing gun powder with a 
hi^ier caloric rocket propellant — smokeless pewder — had been discussed often at the end 
of the nineteenth and beginning of the twentieth centuries by B. T. Unge, R. H. Goddard, 
I. P. Grave, V. A. Artem'yev, and other investigators. The greatest successes in this 
direction were achieved by Goddard, who successfully carried out experiments with smoke- 

Jic: 

less powder rockets with completely satisfactory results. 

Rockets remained practically unused as war material during the First World 

War (except for individual cases of applying incendiary rockets against enemy aircraft). 

Other forms of rockets (signal, flare) were also little used duilng the war years. 

Attempts by various inventors to improve rocket projectiles were unsuccessful. Only at 

the very end of the war did Goddard develop and produce samples of successful, albeit 

46 

experimental, mllltaiy rockets. 

At war's end, interest in rocket projectiles declined sharply and work on 
them In a majority of countries was discontinued. At the same time, interest in the 
possibility of using rockets for interplanetary fll^t increased significantly. Be- 
ginning in the 1920s, influenced by the works of 'ftiolkovsky, 0bei?th, Goddard, aj-,d otl^jr 
Investigators occupied with problems of space flight, an ever Increasing number of 
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people began to think about the possibility of penet**ating space; groins, unions, and 
scientific societies. Joining people interested in these problems, arose in various 
countries as more investigators became involved in the scientific problems related to 
the iJiplementation of space flight. Nonetheless, a majority of those working in this 
area erred sigiiflcantly in estimating the possible time for acconplisMng space fli^t 
(these estimates varied from a feur years to several centuries)— either guessing much 
too soon, or much too far in the future. 

One of the most conplex problems confronting investigators in the area of 
astronautical theory involved ttie possible sources for financing space fll^t projects. 
This problem inevitably confronted anyone who attenpted to move from theoretical specu- 
lation to the practical lirplementation of his idea. It is striking that virtually no 
one devoted himself to a clear accounting of what e^^nditures of effort and means were 
actually required for a program to acconplish space fll^t. However, it soon became 
clear that such expenses could not be managed by ixKiividuals, or by entire organizaticxis, 
unless these organizations were interested in solving practical problaTs and obtaining 
ccMicrete results. The renewed interest of military circles in rocket armament inter- 
vened. 

At the end of the 1920s and the beginning of the 1930s, military interest 
made a definite inpression on the subsequent development of rocket research and, to a 
certain degree, determined a break in the development of rocket technology. It also 
became clear during this time that space fll^t could not be acconplished in the lime- 
diate future, l.e., neither the contenporary scientific and technical potentialities nor 
the required material means were sufficient for this endeavor. Ihe discrepancy between 
the hl^ level of theoretical development and the cc»itenporary technology limited by 
practical potentialities was very typical (at the end of the 1920s and beginning of the 
1930s). Ihus, the beginning of the 1930s marked a rather sharp trsmsition, avray from 
research directed toward space fll^t, and toward investigations of a strictly applied 
nature, directed toward the solution of specific problems confronting rocket technology. 

Now, the development of rocket technology included a large group of inves- 
tigators who could be referred to as the second generation of pioneers, who carried the 
burden of work in creating the first rockets of a new type (liquid propellant). To 
overcome the skepticism and guarded attitude of the broad masses, they had first of all 
to show that rockets actually could achieve specified altitudes and fll^t ranges. 

The specialists working during these years In the area of rocket technology directed 
their efforts mainly toward creating liquid-propellant rocket engines and ballistic 
rockets. 

In the develc^ment of ballistic rockets (Table 3) , one can clearly distin- 
guish two main directions: solid-propellant and liquid-propellant rockets (SPRE and 
LPRE, respectively). The first of these — solid propellant rockets — continued the many 
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TABLE J 

BALLISTIC AND WINGED ROCKETS TESTED IN FLIGHT UP TO THE BEGINNING OF THE IQ40 
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centuries of development of ndlitaxy and pyrotechnic black powder rockets. However, In 
place of this unpromising form of prx^llant, the rockets of the twentieth century 
began to feature smokeless powder on a conpletely different basis— the so-called double- 
base pcwder consisting of nitrogl 5 rcerin and nitrocellulose. 

Double-base pcwders have a nurrber of advantages: they possess 
hi^r caloric energy, are significantly less dangerous to handle, and withstand much 
longer storage times and sigiificant variations In tenperature. It is true that many 
disadvantages characteristic of the old powder rockets remained— the practical Inpos- 
slblUty of regulating the thrust, the necessity of placing all the propellant in the 
coni)ustlon charrber, the inpossiblUty of relgnltlng the engine, and the lower energy 
coi?tent of the powder as corrpared with liquid propellant. However, solid-prcpellant 
rockets also had a nurrber of advantages. In particular their constant readiness, that 
permlttei them to corrpete successfully in a nurrber of cases with liquid-propellant 
rockets. 

The second major direction — ^liquid-propellant rockets — was more promising 
for acconplishlng space fll^t fVom the energy point of view, i.e., they could use 
much more energetic prcpellants. Moreover, the use of liquid propel' nts permitted 
their gradual IntrxDduction into the coirbustion chanber, vdilch slirpliiied the solution of 
whole series of structural and technological problems. 

In an overwhelming majority of the rockets fli^t-tested during the 1930s, 

liquid oxygen, considered by investigators as most effective from the energy point of 

view and most promising for future space fli^t, was used as the oxid'^zer, Ifowever, 

its application Involved significant difficulties of an cperaticnal nature. Moreover, 

under the specific conditions (with the scales of rockets of that time) , the application 

of oxygen did not give the eicpected energy gain, conpared to the less caloric, but denser, 

hi^^er-bolllng oxidizers. This also resulted in the tendency to use hl^-boillng 

oxiv^izers in a nunber of designs which were more convenient in operational respects. 

The most successful work on hi^ier-boiling nitric acid LPREs was carried out during this 

period in the USSR, where several dozen such engines were produced during the first half 
47 

of the 1930s. The best of these — ORT4-50, ORT^52 and OFM-65 — gave thrusts from 150 to 
300 kg, with a specific lirpulse up to 210-215 sec. The experience in work on these 
engines was also later used for producing aviation LPREs. 

In addition, a great variety of structural solutions, conponent designs, and 
methods for stabllizatlcm and control were typical for the liquid-propellant rockets of 
this time, because the theory of rocket desl^i was still very poorly developed, and this 
work was almost exclusively enptrlcal. 

'Ihe initial period of liquid-propellant rocket development, which encom- 
passed about 20 years (1926-1945), can be divided into three stages. Tire basic problem 
ccxifrontlng investigators during the first stage (the end of the 1920s and beginning of 
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of the 1930s) was TOrificatlon of the possibility in principle of producing liquid- 
propellant rockets. Hie nialn attention of investigators during these years was 
concentrated on producing an operational LPRE. After this problem was solved in prin- 
ciple by the efforts of scientists and desisiers of a nuiriber of countries (USA, Germany, 
USSR, etc.), and it was practically proven that a liquid-propellant engine could operate 
and produce a thivst sufficient for launching a rocket vehicle, a new problem conftxinted 
investigators; to provide for extended, safe, and reliable operation. This stage en- 
coiipassed the mid-1930s. The engine remained the principal focus of attention of 
scientists and engineers woiiclng in the area of rocket technology during both the first 
and second stages. 

IXiring ttils second period the investigators occtqpied themselves with such 
problems as the selection of the most convenient propellants, the methods for their 
delivery to the combustion charfcer, the organization of a stable burning process, 
provision for a sufficiently reliable cooling of the combustion chantjer and nozzle, and 

ha 

other problems related to providing stable and reliable operation of the englner. 
However, in the mid-1930s, >hen it became clear that the problem of producing a liquid- 
propellant rocket engine was basically solved (althou^ a whole series of theoretical, 
structural, and technological problems renained), a new problem ccwifTonted investigators 
the necessity of producing control systems capable of providing stable fll^it of rocket 
vehicles on a specified trajectory. 

This problem was not new theoretically, l.e., the pioneers of theoretical 
astronautics had not ignored the problem of rocket vehicle flight control. However, 
there was no practical experience in working in this area, as there had been essentially 
no sufficiently thorou^ scientific investigation of this problem. IXirlng the third 
stage of development, corpasslrg the second half of the 1930s and the beginnirg of the 
19**0s, even this problem was successfully solved in principle and, with consideration 
of the experience accumulated in producing automatic aircraft fllj^t control systems, 
controllable rockets — already rather sophisticated for their time — were produced. 

The significant increase in the scale characteristics of llquld-prq^ellant 
rockets was also a distinguishing feature of this stage. While by the mid-1930s the 
thrust of LPRE tested in rockets did not exceed 30 kg, the maximum launch wei^t of 
of rockets was no mere than 165kg, and their flight range did not exceed ^(-6 km; but 
rocket engines with a thrust of 25-27 T and ballistic rockets with a launch weight ex- 
ceeding 12 T and fli^t range of about 300 km were produced in the 19^103 during the 
latter stage. 

Along with ballistic rockets, winged rockets were also developed and used 
corrparatlvely widely during the 1930s for carrying out vaitlous experiments and flight 
Investigations. They acted as an intermediate link between ballistic rockets and rocket 
gliders. Winged rockets were studied during this period in Germany (Tilling, 1932), in 
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the USSR (RNII, 193^-1939) > and In other countries. Winged rockets were later used 
during World II. 

problem of producing Jet aircraft was also solved in principle during 

the 1930s. Ihe first practical attenpts to acconplish manned fll^t in heavier-than- 

air reaction powered vehicles occurred at the end of the 1920s, when the first reaction 

, SO 

gliders and aircraft with SPRE were tested in Germany."^ Inventors dwelt Initially on 
solid-propellant engines (ordinary pcwder rockets) as the propulsion plants for reaction 
aircraft, largely because these were the only reaction engines checked in practice. 
Moreover, their sinpllclty, accessibility, and corparatlve adjustability of productic»i 
played a great role. 

However, engineers soon learned that solid-prcpellant avlatiai engines have 
a nunber of serious disadvantages vMch make it pracclcally iirpossible to use them as 
the main propulsion plants of flying vehicles (they were used scanewhat later as sup- 
plementary engines — launch boosters). Ihese disadvantages include: 

. lirposslblllty of regulating thrust or repeated starting of 
the engine; 

. corrparatlvely low energy content of the solid propellants 
then known; 

. the hi^ relative wei^t of the propulsion plant. 

Thus, attenpts to apply solid-propellant engines were soon abandoned, and a new proposal 
was suggested at the very beginning of the 1930s — to use llquid-prcpellant rocket 
engines having a nunber of advantages conpared to SPRE as the main propulsion plant of 
flying vehicles. At the end of the 1930s and beginning of the 19^0s, this proposal was 
realized with successful flints of such experimental aircraft and gliders as the He-1?6 
(Germany, 1939), RP-318-1 (USSR, 19^0) Me-l63B-l (Germany, 19^1), BI-1 (USSR, 1942), 
Northrop MX-324 (USA, 1944), etc. (Table 4). 

Ihe successful fli^t tests of aircraft with LPRE demonstrated the possi- 
bility of using this type of engine as a main propulsion plant. Hcwerer, excessive fuel 
comsuirption made its application economically inefficient. 'Therefore, neither in this 
period nor later (even to the mid-1970s) did liquid prcpellant rocket engines become 
very widely applied in aviation as the main propulsion plants of aircraft flying within 
the Earth’s atmosphere. 

This particular subject has obvious interest, because even at the beginning 
of the 1930s, in selecting the best possible type of reaction engine for aircraft, a 
majority of inventora and designers dwelt on liquld-propellart rocket engines and not on 
Jet engines that had a nunber of obvious advantages and, in the final analysis, later 
became the main type of aviation propulsion plants used for reaction aircraft. This 
question — why Jet engines (JB) lagged In development — requires more detailed investi- 
gation. However, several preliminary con’lusicns can be expressed. An essential role 
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Note: Numerical dates in parentheses refer to the month and year. 



















evidently^ waa played by the relative sljipllclty of liTC as conpared to turbojet engines 
(TJE), and because at the beginning of the 1930s there was practically no detailed JE 
deslgi. Also Inportant at this time, the problem of applying reaction engines In 
aviation was being studied principally by Investigators »tose main Interests lay In the 
area of the develc^snait of rocket technology and the theory of space fU^t, which also 
determined their Interest In IPRE. Moreover, this type of propulsion plant promised an 
Interceptor aircraft with a rapid ascent rate, capable of flying at great altitudes, 

l.e., under condltlcns jtfiere the atmospheric oxygen would be Insufficient tn vjks aa an 
oxidizer. 

All of these factors evidently caused attention to focus cxi 'PREs at 
beginning of the 1930s. However, oiglneers socxi realized that rocket engines (u 
LPI^ and SFRE) could not satisfactorily solve the problem of producing eervlceablt 
reaction aircraft, and that engines using the oxygen of the surrounding tUr as the 
oxidizer were more efficient. Various countries successfully ^Ucd this type of 
engine at the beginning of the 19^0s In reaction aircraft, and It later received very 
wide application. Ihus, our analysis of the designs of reaction flying vehlc;les 
proposed and developed in the nineteenth and first half of the twentieth centuries 
Indicates that two principal groups of flying vehicles were developed during this 
period: ballistic rockets based on the rocket-dynamic principle for producing lift, 
and reaction aircraft based on the aerodynamic principle. Sustained work In these two 
areas of Interest predetermined Arrther advances In aerospace tedviology In the mid- 
twentieth century. 
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1HE ALLEGES OONIRlBUnGNS OF PSIO E. PAUIET TO 
LIQUID-PnOPELIJMr ROCKEmr'*' 

PraiERiaC I. ORDMAY HI (UBA)'^ 

Not lnft«quently> the name Pedro E. Paulet a^ipears in chrcxiologles, airtlcles, 
and books dealing with the ^>eclflc subject of liquld-propellant rockets and the larger 
areas of rocketry and astronautics. Paulet (Figure 1), a Peruvian, is recognized largely 
becauise of a letter he i«rote fftsn Rome in 1927 to a Lima newsp^ier. In that lett^ he 
claimed to have engaged in liquid-propellant-rocket experiments idiile a student in Paris 
three decades earlier. Paulet 's letter subsequently came to the attention of a Russian 
rocket and ^>ace fli^it popularlzer who quoted extracts in a book published in German in 
1929 . The purpose of this paper is to review the background and examine the available 
evldaice concerning the only known claim to liquid propellant roctet engine experlnents 
in the nineteenth centia?y. 

Heferaices to the alleged work of Paulet are fairly widespread. Albert Hausen- 

stein, for exanple, wrote in 19^0:^ "Vfe should not ftiil to mention Pedro Paulet who 

carried out, in I 895 , experiments with a liquid propellant rocket characterized by a 

surprizing performance. During the period 1900-1918, no successful progress was made in 

the field of liquid pnpellant rockets beised cm Paulet 's discoveries." After Vfor3d Vfar II, 

George P. Sutton described the Peruvian's work in these terms 

It is not yet certain irfien the first liquid propellant rocket motor was Invented. 

Ihe first practical working rocket motor is claimed by Pedro E. feuiet, a South 
American aiglneer ft^xn Peru (1395). He operated a conical motor, 10 centimeters 
in diameter, using nltrogai peroxide and gasoline propellants and measuring 
thrust up to 90 kilograms. He apparently used sparK Igiiticai and Intermittent 
propellant InJectiOTi. The test device which he used contained elements cf later 
test stands, such as a spring thrust-measuring device. He did not publish his 
work until twenty-five years later. 

"^^Presented at the Third History Synposlum of the International Academy of 
Astrcwiautlcs, Mar del Plata, Argentina, October 1969. 

’’^Professor and tfead. Science and Technology Appllcatlwis Dept., Research 
Institute and School of Graduate Progr a ms and Research, The University of Alabama in 
Huntsville, Huntsville, Alabama. At present, Offlc** of the Achilnlstrator, U.S. Ehergy 
Research and Development Administration, Washlngtcai, D.C. 
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of the motor based on Paulet's written description. In the first (1949) edition, no 
direct reference is r»ted, but in the second edition he assigned Ref. Nb. 2.111: 
”P.E. Paulet, Liquid Propellant Rocket . El Corraercio, Lima, Peru, 1920” [sic: 1927] 


George Sutton’s representation of Paulet 
Tlirust Chariber 


In DscOTber 1946, a few years before Sutton's t>ook app«red, the liquid-prop^ 
lant rocket engineer, James H. Myld, presen‘-<xi a siirvey paper, "Ihe Liquid-Prc^llant 
Rocket Ifetor," to the Oil and Gas Power Division of the American Society of ffechanlcal 
Engineers In New Wyld touched on Paulet's claim, arri offered a schanatic dl&m 




not only of the thrust chember but of the thrust-messurir^ spring dynaonoeter, timer, and 
propellant tanks (Figure 3)> Suttcm, who cited Wyld In his book apparently took no steps 
to check the authenticity of Faulet's claim. 



Pig. 3 

James E. Wyld's Representation of Paulet’s Llquld-Propellant Rocket 


Nor did Wyid. But more cautiously, he eisserted that the original source of the 
liquid-propellant rocket concept remained "quite uncertain," although "there is some 
evidence that the earliest practical vrorking motor of this type was constructed In 1895 by 
Pedro E. Paulet, a young aiglneer of Peru, South America." Noting that Paulet did not 
publish an account of his work until 1927 In the Lima newspaper El Oomnerclo (whose spell- 
ing, Incidentally, Is El Comerclo ). Wyid reiterated that "the validity of his claim may be 
rather doubtful." 
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uyid, unlike Sutton, cited S.B. Scherschevsl^'s 1929 book Die Rakete f\3r Pahrt 
un Plug as the source of infonnation on Paulet's claim, uyid sioply translated ftxxn 
Geman into English Scherschevsky*s own translation into German of extracts from the 
^>anish language letter in El Comercio . In a section entitled "First Practical Experi- 
ments," Scherschevsky stated categoi’lcally that liquid-propellant rocket motors were first 
tested by Paulet between 1895 and 1897. Notwithstanding the interval of three decades 
between the time of the alleged work and the time he got around to writing about it, 
Scherschevsky declared: 

At that time one could have experimented with rocket motors cyieratlng on liquid 
propellants. And one could have worked with litperfect ;»xpellants and materials. 

This must be said to the doubters and skeptics. 

Doubters and skeptics there have be«i ever since. Cne of the first, Willy Ley, 
expressed strcwig reservations in his 1932 booklet, Grundrijs einer Geschichte der ftetkete .-^ 
He allotted Paulet’s claim sll^itly over four lines, concluding: "The doubts are obviously 

correct." Ley never thou^t much of Scherschevsky, either. In the first edition of 

6 7 

Rockets , whose title was to expand over the years,' Ley ccmpLalned: 

There are many legends connected with that early period idiich unfortunately 
acquired some pennanence because a Gennan-writing Russian by the name of 
Aleksander Borlssovitch Sherschevsky (sic) uncritically put hearsay into some of 
his airticles, and into his one and only book. 

Scherschevsky, it appears, had gone to Gennany to study gliders. But he over- 
b'^ayed his time and dai*ed not return to his homeland. "Lazy by nature (and very proud of 
it), he earned Just enough money for room and board by writing for professional Journals," 
wrote Ley. "He could have done better if he had written r»bout Russia but he didn't; he 
felt that what could be said at that time K#ould not be considered too favorable by the 
Western mind, and he was genuinely in favor of the Soviet government. He was a refligee by 
accident." Betwe«i 19^4 and his death 1969, y would not change his opinion about 
Scherschevsky, nor give further credence to Paulet 's claijns of experimenting with liquid- 
propellant zwket engines. 

One who did believe in Paulet was the Genran, Max Valier. In 1930 he wrote that 
a liquid-propellant rocket motor of "astonishing power” had been developed by the 

o 

Peruvian. Valle.- seemed most pleased that "the 19th century did not close without a 
promising beginning to the technical development of rocket i.iotors." He silso felt that 
"the work of the Peruvian Paulet Is most liiportant for present projects leading to rocket 
ships, for It proved for the first time — In contrast to powder rockets burning only a few 
seconds — that by using liquid propellants, the construction of a rocket motor functioning 
for periods of hours would be feasible." 

Paulet's claim has continued to arise Intennlttently. Following Ley's precedent, 
however, neither Pendray,^ Ananoff^*^ nor Williams and Epsteln^^ credit the Peruvian In 
their books, although all refer to Scherschevsky In one context or another and certainly 
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knew of his writing. Ordway and Wakeford, in their International Missile and ^cecraft 

' ■ 

Guide > sliiply state that Paulet "reportedly” tested a liquid^propellant rocket motor; 

Qrdway and his coauthors ignored him conpletely In their two-volimie suz*vey of astronautics, 

14 

as did Shirley Uanas In her el^-volime Men of Space , and Bugaie Elnne In his History 

of Space Flight. Braxr: in Rocket Ehgines ^ and Glasstone in his NASA-sponsored Source- 

17 

book of the Space Sciences only mention the claim. Fritz, ho«#ever, in Start In Die 

iQ ~ 

Dritte Dimension accepts the claim at f&ce value. Prior to Goddard, he wote, the 

liquid-propellant rocket motor was tested only once: 

Between 1895 and 1897, Pedro E. Paulet, an engineer, constructed in T.ima an 
apparatus whose conlbustion was not unlfam, but rather co'isisted in a series of 
300 e:q>losions per minute. Pressure oscillated in accordance with this rhythm, 
which caused the motel's performance to diminish appreciably. Notwithstandlr^ 
this difficulty, a thrust of 90 kllograins was produced. 

Whether mentioned or ignored, no serious efforts »iere nade to try to establish 
the validity of Paulet 's claim, or even to search out primary docunentatlon, until the 
mid 1960s. In 1966, VOTi Braun and Ordway published some la^llmlnary corments^^ after 
locating Paulet 's 1927 article — «Mch turned out to be a 2 1/2-colum letter written in 
Home and published in the October 7 issue of El Comercio (Figure 4). After drawing atten- 
tion to the plans he was reading eibout in ilurc^ for airplanes and spaceships, Paulet wrote 
that he, himself, had conceived of these ideas "raiRTY YEARS AGO [sic] when [I] was a 
student at the Institute of i^Ued Chemistry at the lAiiverslty of Paris." He also 
expressed the fear that his claims would not be believed, and called upon his former 

student friends in the lAtln Quarter to tell the world of his experiments, wr^-ch were, 

20 

nevertheless, "made, truly, without witnesses.” In 1968, von Braun and Qrdway published 

22 

additional Infonnation on Paulet in their Histoire Mondiale de 1^ Astronaut ique . Ihey 

included a picture of Paulet and a schematic (Figure 5) he had allegedly drawn of a 

23 

rocket-powered ailrplane, thou^ it was not published until 1965* long after his death. 
Another drawing, made in 1902 with captions in Eiiglish, appears in Figures 6 and 7. 

Correspondence and personal discussions with Peruvian scientific and cultural 
officials in Vlashlngtcxi and London, with a matijer of Paulet *s family in Peru, and :iflth the 
editor of El Comercio . have since yielded further information about Pedro Eleodoro Paulet 
Mostajo's life and activities. He was born on July 4, 1875 in Arequlpa, Peru. His father 
died three years later, and, under the care of his mother, he attended sc^wol in Arequlpa 
(Figure 8) and later graduated from the local university. In 1895» the youthfUl Paulet 
left for Europe, entered the Lnstitute of Applied Chemistry at the Sorbonne (IMverslty of 
Paris) in I898, and received an industrial engineering degree in 1901.^ The next year he 

^If he did not start e:q)erlmentlng with rockets until after he entered the uni- 
versity, the 1895-1897 dates given earlier are incorrect. However, Paulet does maitlon, 
in other notes and letters, carrying out Independent work beginning in 1895- 
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Pedro llecsdoro Paulet Ifcstajo 
b. Arequipa, Peru, l8?^ 
Picture Made Sxt Arequlpa, 1883 


description, the Paulet vehicle vas to tmvel with equal ease out to the stratosphere or 
down into the depths of the sea. The batteries of rocket motors are clearly narked 
- ’baterfas df- uhohetes," Figure 5). 

Next day, on March 11, £1 Gon«rglo publlshed^^ what it considered proof of the 

authenticity of the airplane, reproducing several artist’s Interpretation of the invn- 

tian. The article first explained tnt many foreigners 'had written to El Canercio 

requesting details of Paulet *s ideas and experlinenfes, then sumtnarlzed an interview given 

by the Peruvian in Buenos Aires In 19^^ in he had expl«iir«l that Ms rocket aiiplane 

would fly at 600 miles per tour In the rarefied outer atoospherej or, at Bwch lower 

speeds, ” travel like a submarine " order the. ocean. He also related that: 

m my native city, Arequipa, built over lava fma a nei^*orlng volcarK.', m have 
no fear of fire. Fbr this reason, nxskets are tte obll^ enfeertalrwnt In oia* 

celebrations. During my childhood, I learned hc« to make them, onudSiomlly tie- 
ing to their "tails" nets with objects attached to than. 
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Later, in Eurc^j, while studj'lng in the Institute of /^plied C; 'wilstry at the 
Sorbonne in Paris, I was seduced by the work of the great chemist I'larcelln 
Berthelot on the power of e:q)losiv3 materials. 

Early in this c«itury, there was great Interest in tte question of mechanical 
motors. 

At the Institute, wr were taught that steam motors with performance less than 
10 percent and wfdch stood little chance o.' significant Improvement, were 
Isfxotent in the face of progress. Ihe electric jiiotor was not transportable 
except by generating power ftcaii heavy batteries. And the new internal combus- 
tion engine used in automobiles was relatively heavy and complicated for the 
new field of aviation, »Mch was then such a novelty. It seemed to me thfn, as 
it does now, that the problem would be solved by utilizing e3q)loslve forces not 
in enc-osdd cylinders pushing a piston . . . but rather by rockets with con- 
stanr. injection of the explosive material and of simple design* 

Uhfortunateiy, neither of these references shed 11^1 on the su{^sed 1895 
liquid-propellant rocket «iglne tests, the principal lt«n of interest and the pedestal on 
vdvlch Paulet's flame rests. It is one thing to sketch a c<aicept without supporting techni- 
cal details and quite another to develcp workable hardware. Efforts to obtain documenta- 
tion on this from Faulet's son pro’^ed unsuccessful. 

^ 24 

On December 12, 1965, another article (Figure 9) in El Comerclo stated that an 
American document proved I4)ulet to have been the world forerunno? of astronautic*'. 'R~ 
evldOTce given to the newsps^^er oy Dr. Manuel del Castillo, rresld^it of the Crgarlsno 
Nacional de Investigacicm Espaoiales, consisted pidmarlly of James H. Wyld's June 19**" 
article. But all Vfyld had done, El Ccmerclo had to admit, was to report what 
Scherschevsky had said. El Comerclo did not quote or repi-oduco Paulet's letter from 
vdiich Scherschevsky derived his Information about Paulet. 

It is perhaps ironical that the El Comerclo article attac'ned a "cert (fled opy" 
of a short note ? pearing in an unidentified issue of the Jour.nal o f the American Rocket 
Society which says, "Paulet uld not publish an account of his work until 1927, in un 
obscure newj article in Lima, Peru, * E1 Conmercio * [sic], so that tl)e validity of his clniir. 
may be rather doubtful, but it is interesting nevertheless to quote Paulet’s description 
of his motor, as abstracted in A.B. Scherschevsky ’s book The Rocket for 'R'ansport Flight 
(see encircled upper left portion of Figure 7). 

Living in Europe in the 1920s, Paulet certainly had an oppoirtunlty to become 
acquainted with the work and writings of Gennan and French rocket and astronautlcal iino- 
vators. Just how many of his ideas were original and how many derived from these sources 
it is lirpoaslble to determine. Based on information available in October 1969, his claim 
of having experimented with liquid-propellant rocket motors in Paris in the late 1890s 
cannot be proved. To date, tto actual witnesses have been located, nor any solid evidence 
uncovered as to tfw possible existence of the rocket motor. 


35 



«*Mt nn br e: 

AmM. « TMBf MgMw «( bani SoH* 

Ammb. (See Rg. I| bniai «d Ml 
wMUk M ■ B wi M «i tm «oA Md 

nir. in M obm^ MM ««db hi *•. 
liM. ftm. CnwB B MH* . M «ni 

t iL. ^ r^T ? ■ M li«lM* Wlrt M CM .fli» a*. r i t iil l l M M O l g l l l H I 

I; MM N IS dnamiMif WSSIMM tt^Mm VmMs ^ ynrwMtt» NactesM 4t tasnliSMMB Mpfr 

frrifirf n itonmninn of tis a. fsfiwM tw >• t i wM iM M 

M ^ s R ** ^ .*m W int m f prictm #H is- Iff cffpn c tc tilkidt 4> SMs 

. . _ * ^ ^ ecsirfs pffffSMff Pff*s K. PM pshlirariiB. ^ m U tmjtt 

rs tek ^bs Bodm far TimBM id «s tan fsms « st> n < t «i - Js srsM sf m A rn ttit m te 

i * li» * ZMihffwMr. osms y .lMMctttrMIviMttr IfftatfS 

CMMnl. wiSenMi WMa smm Se Iff NASA. II Mm 
ffd lM SC ft , tmmm W» p w oia wt A Ml CMi M m ■ImMs Ml Off 
M im cMsriMi «» Ms McM IsI tfSMr iMffff M Isms 
IR lswIiiwiflii M Iff cffs<ff MrHNcffM sM ffbloM ffl Mdor pmMn Ifft *iffjtt npMiatet. tisartasct Ml Mt M 

nmril Ml r«iHllD M lff» fastinriw M li NASA as Ifattsafff calsMaa Ml iSAMM 

WaMiiiMsn. r par U csal w aptsaia «l arNoMa aatrilD par ~ is PiolM f te acafSffM cosn- 

WMd to tl *Jffttfoffl fff Ms AsMfkaB RadHt Sociaty”. Sff trfMft M sscMra ninrtSi Miarlff pr**— * * Sff la atfM 

sfflab ana a mM Moito M la wiisa, laa affpraaNoaa Ml sar- patna. aaniara as AnMca. 

aaMs la pmaba M «w Paalal IM al priM ^Mar GiNtt FialaM apts- , 
as isalitffr laa aapa titmm aaffre a i ala r a a a cAans. Tao>- ^ ■ «MitsffiMi pan ' Da la capiff laaaM par SSM 

faito at •% lar ama st a qaa toiaff laa Miaa M *61 Comrrf i a* 1 m MMMteaiM ji_ tra raiMatrilitl, M Iwifinnartni 

•"«» jr?Ii!S.r.rtirSrM«?!* »« WASA «. WMiMM l* 

_ ^ jMiprtsM paa •• ffffMr Ml aP 

M la caiartiTiM d as uractal h i N ic i asr t twsi c a a M la tea g ^ MffrmtMB g^^ticala. Man IL WHS, n isAa- 

Al SaAar M tea Saam V aoaiia aaciaaaL >!«« la a m la—ns laanM Ml ■- 

MNdis da la Damnaiana. Ita w aia a piapkia ffMa apar» TANICTAS nCflOiOAS Ma Ml asm fsaa» AJ. ScMfP 
tasiMd. pan mtrfac a UA.. ifwniTn NsHle cM s afcy ( c ali b afa Mr M Bm 

sffsn Mrtn *^»^^,G«llma Bjrra*. Inaa fafst. OMttAJb Tbt SsesM te 

MhJS^nSJSSl^ TMM«t fijdr. ^ . 

saMMAM P6 ^ AMisfwM easuMji, g, 1 , - la mM M as iftkns 

6C0NM A itffntiiarntr NapalrM H Batfa, "f*”*^* ««No « 

Ltaa. IS MaoeaMsM r*". CarnAs SuakS Camsi. HitstliH »»■ 

IMS ** ICBiitana Kaciaoal M Smim 2.O., Aaictlal 

ScAw Mctar Lab Mid Qat ^? ** **!'*- , ^ CMiNa p MMMi. GsiUms par Wild as M 

^ Anna Mspa FiaNa^ iritara. Aartlia C Dial- ^ •St Amricas Bas 

^S««M dt -El CMMi.-. R. J^mL. HM U, 0» ^ » "W. * l« i» di IW 

^ MSipb affcmano Mstrai as^m * — M »ns NilsalmiiM as ssa M 

Bt wnhi -M«hl cmM-,*^****"*” Idm Ak«d^ Ciito/MralM ^ »* ™**-. 

laMAs: — 'Aaarja, Miaaia Tffdela m i M* m prsan 

n Irminiria Na ci a sal da 1 O iKt t to i i a Cfstfal M la Caiapa, Alfflasdrs P n taHe p as s^w a wNa ^ 

Scasamia, aa aaMfaea at «r AiadaciM Prrsasa Pia Nana* Mra. Vlriar M VaM R, F. Ba- £WMr a Ma m IMP per FaMs 

pmar a Ud. m m p« h»I BNo" ■« Uaidat, lalada Twp ••aslr anra Dcaffra. Gisa D taa cShiL U nv^ 

caeite par haMr ca mp l i da ci arsia • m dbctagaMa asilia isas A. Basdsk PaMato p as 2?^ 

•M a oi n war ia M as saullcia tl Sr. Or. Ds. Lab NiM Qst- Am, BdnrM GiMpaM F^ Al- » CwsaiMar M^ 

p BMdIa bfla M aetbidadn nda M la Cat-n p at aaapir Mna TMln &, Ma Planis “J* * j ^ lal a miiiis, am 

as la saMt pnlMM dM pa* ca as Ucarla B^ as as Bana p arAara, BsrtSM Hssii "T ?? Tai M* NdM 

|ftodbns. Y la Mnana Utfar, aaaMis prapiS p as al M la p atAara, ApsMis tMar M Al- fy” ” 
al sMan ttaaipa. aa ani a affi* i sat it sdM la Mscara Miclla* battb p atAara, AUNM Onte 

dattaabsls par •• pana a s a n ia cids cas omMs da SaSar epaa- M VUIalt p aaAan, Oartai 8s gw i> Mis 'nyiN WU p Tm 
{ tspnatsd aa d amdlo da laa *nm n aSn da aMd, dadirr In Parain p iaAan» Lata Dan- "T ” A. & 

/proMtana p Mfaan M an>.aa la swisr pMlt M altaa as.awn Mwllt. scsamavgir- 


AHiciib 4 % **H Comoicio* faw h host 

' PeruoRO Poulst fue d Isr. 
precursor de astronduHcci^ 
ipruebo documento en E.U,. 


Fig. 9 




PAOS ® 


36 



APPEJffilX 


Ttmsiation by the authoo? of Paulet's letter written fixm Home on 23 August 1927 
and published In the Lina, Peru, newq>aper El Comerclo on 7 October 1927- 

Tto the Director of "El Comerclo" 

In the Issue of l£ist 24 July of your esteemed newspaper, I have Just seen a long. 
Illustrated article itfilch reveals an aerial navlgatlcm system Invented by Max VSalller 
(sic), a German. He calls It the "rocket ship" and said that It would be able to reach a 
velocity such that New York would be less than two itxxrs away fYom Berlin. 

Ihe rocket airplane system Is already known In Europe, havo^ig been used In var- 
ious "aerial torpedos" during the World Vbr. A number of projects have been published In 
this regard— e^>eclally In Ftence— during U<e last fifteen years. The xxKket ship is,, 
therefore, only one of many conceptlcais recently advanced — some accurate, some not so 
accurate. Uie author himself recogilzes this by referring to the early pioneers Goddard, 
Oberth, and von Hoeftt. 

I have been prompted to write the present letter to bring to your attaitlon the 
f^t that the rocket airplane project was conceived and studied by the undersigned UtlHTy 
YEARS AGO when he was a student at the Institute of /^lied Chemistry at the Iftilverslty of 
Paris. This project, therefore, arrtldates the ccmtruction of modem aiiplares because 
the first timid fU^t of the Vfrl^t Brothers at the Auvours Field only took place In 
1908 .^ 

most definitive expezdments were conducted with rockets made of ’vanadium 
steel, then a novelty, and with panklastite that had Just been invented by llrpin, dis- 
coverer of melinite. Ihe interior of the metallic rocket was conical and measured 
iO centimeters hi^ by 10 centimeters at the cpen base (mouth). Itie propellants were 
introduced through the upper part of the chamber through opposing ducts provided with 
^rlng loaded valves. Ihe nitrogen peroxide entered throu^ one side and the benzine 
through the other. Ignition was effected by an electric spark from a spark plug, similar 
to those used in automobiles, inW.ch was placed halfway up the rocket chamber. 

On the other hand, In order to undertake the preliminary experiments the rocket 
was provided with outside rings made of long flexible tubes which connected the above 
mentioned ducts to the nltrogoi peroxide and benzine tanks and to a lead from the spark 
plug to the electric mains. The rocket would ascend between the two taut parallel and 
vertical wires, between vtose i^^per part was installed a strong, spring thrust measuring 
device supporting the pressure of the firing rocket. Ihe dynamometer could give an approx- 
imate measurement of the lifting forces. 

Ihe results of these experiments were very satisfactory. Ihe 2-1/2 kilo rocket 
motor underwent 300 explosions each minute and was not only able to maintain its thrust 
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against this thrust measuring device but was able to develop 90 kilograms of thrust. 
Btoreover, it flinctioned without any noticeable deformations of its structure for nearly 
an hour. Ohder such conditions, it was possible to venture to foresee a craft provided 
with two batteries of 1,000 rockets each (one battery would rest while the other func- 
tioned) lifting several tons. 

The Inpossibillty of continuing these experiments with explosives, such as the 
nitrogen peroxide, whose handling was so risky, and other personal activities, have made 
it necessary for me to postpone my work on this into?esting Invwition from 1897 to the 
present time. Moreover, because these experiments were known by several of my Euzx)pean 
student coeiXLtriots and by the few Peruvians (.who at the time were very rare in Paris) 
living in the Latin Quarter, I hope that if one of them is now in Peru he will conflra 
the echo of these experiments which were made, truly, without witnesses but about which I 
talked to anyone iiiyo would listen to me. 

Even though I do not have news of anyone idio had concextied himself before me 
with rocket airplanes, I don’t pretend to regain possession of my fathershlp of this Inven- 
tion because, as in all projects, it is not valid except as a consequ«Tce of its realiza- 
tion. The Inventor of the rocket airplane will be the first one to fly in an apparatus 
powered by rockets. Therefore, it is not aiou^ to say that the project of the German 
Valuer has been preceded thirty years earlier, and evoi perfiaps by the more conclusive 
experiments performsd by the Peruvian, vAio would like to call to the attrition of the 
technicians and inventors of our country this Important matter vMch has led me to write 
the presOTt article. In effect that which, but for unhappy clrcinnstances, I have not been 
able to achieve can be accomplished (for the advantage and good of Peru) by some other 
coqpatriot who is better pi^epared than I. It ir necessary that he lay out carefully the 
problem and that he adequately use the elements offered by a ccMitlnually luprovlng modem 
technology. 

A perfect airplane should: (1) rise up vertically; (2) maintain itself at any 

point in the atmo^here; (3) fly at an altitude of more than 20,000 meters; (4) possess an 
exterior which would not be deformed by atmospheric agents and whose interior would be 
suitable for a large mmiber of passengers and a heavy load of merchandise; and (5) could 
descend vertically. 

It is clear that modem airplanes are no more than "automotive comets” v^se 
propellers give low perfonnance, vdiose parts are almost completely uncovered, and vdtLch it 
is litpossible to maintain motionless in space. These do not satisfy any of the earlier 
mentioned conditions and should be considered in aerial navigation as forerunners — somevdiat 
as. In maritime navigation, sailing ships earlier crossed the oceans. Helicopters, for 
their part, can go up and down vertically but, because of their corrplexlty, have up to now 
not been able to undertake effective flights. Finally, the dirigibles or "lifter than 
air craft,” outside of their enormous cost, are also restricted because of the ”law of the 
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cube of the velocity.” *niey are nevertheless the craft that have been used to carry the 
greatest number of passengers and are the first to have crossed the Atlantic between 
Germany and the United States. 

We noted, on the other hand, that Valuer’s rocket airplane, like the one repre- 
sented In the figure published in ”E 1 Comarcio,” satisfies neither of the cc»idltions we 
have seen above. If its projectile form permits it to go strai^t up, one does not see 
how it changes to the horisontal dlrectlori withcx^t subjecting its passenga?s to acrobatic 
maneuvers. Even less do we see how it can go doyei vertically. Well, the first advantage 
of the application of rocket motors consists In tnat they fonn an outside force to the 
^paratus that is manageable Trcm the inside, y^ch permits it to have vrtiatever form may 
be desired, l.e. that idiich is the most appropriate. IMs becomes in my Judgement — in 
order to slide throu^ a variable, stirred 14), and ”fecund in stress" fluid as the 
atmosphere — the lenticular fom with convexity such that it is almost equal to that of an 
ovoid, such as our planet incorporating, thus, lower and horizontal batteries of rockets 
whose angle of firing could be varied. It wDuld be possible to direct oneself vertically, 
longitudinally, and obliquely, resisting any contrary forces that the an 4 )lent fluid mi^t 
produce, remain in space, and then descend to the ©xxind. 

With such advantages, one can ask why rocket airplanes have not been rrade, even 
more, why rockets have not been placed tangentially on a wl'.eel which would form the most 
slnple and most potent of industrial forces; and y&ry rocket projectiles haven’t eliminated 
the costly use of cannons in war, etc., etc. Well, as a result of my own experience, I can 
reveal why: it is because of the great difficulty that a civilian has, especially in 

Europe, to obtain Information on, and experlmoit with, explosives. Moreover, because the 
convenient explosives are of ’’Juxtaposition" type and not solid, but rather liquid or 
gaseous, they are not sold coranercially due to their uncertain and dangerous conpositi(xi. 

But, during the last fifteen years, the science of explosives has progressed 
from a practical point of view, and explosives are not now monopolized by the military. 
Explosives today are now to the «iglneers what the ax was to the woodcutter, the pick was 
to the miner. In*"emal combustion motors are replacing steam engines; pyrotechnics is no 
longer an art; and chemistry manufactures a series of e^losives as varied as coloring 
compounds and perfunes. And this progress is going to advance into formidable studies of 
radioactive forces. For example, M. Esnaut (sic) Pelterle has calculated that a rocket 
ship, wel^ilng 1,000 kilograms with a motor fed by the disintegration products of 2 deci- 
grams of radium, would produce a force of ^0,000 hp over a period of 1/2 hour, sufficient 
to be able to go to the Moon in 24 minutes, 9 seconds and return from this satellite in 
3 minutes, 46 seconds. 
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It is true that even now we do not know how to utilize the mechanical energy of 
radiun as we do that of petroleum. But, we don't need so nuch to travel modestly trca 
Europe to Lima in a couple of hours. 

Your hmible and obedient servant, 

Pedro E. Paulet 
Chendc^ Engineer 

(1) Nevertheless, it must be said that an adiplane project, corpletely like 
those actually existing with its wings, body, and airship motors— even 
though it did not Involve any explosions and prcpellers, was described by 
Sir John Cayley in l809. 

(2) The necessary force to trananlt increasing velocities to a dirigible would 
prc^xjrtionally Increase as the cube of the velocity desired. Dils offers 
an advantage to the large globes; but, then air resistance goes con- 
siderably, In accordance with the fontula R KSV, where R is the resistance, 

S the surface in square meters, V the velocity in meters per second, and K 
a constant (0.08 to 0.l6). 
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MAIN LDGS OF SCTENTIFIC AND lECHKICAL RESEARCH AT IHE 
JET PROPOI5ICW RESEARCH INSTITUIE (RNH), 1933-19^2* 

Yevgeny S. Shchetlnkov (USSR)"^ 

Over a period of one generation rocket technology develo|>ed from elemental 
experiments to a branch of Industry that constitutes z rather large percentage In the 
state budget of all technically advanced coiaitrles. At first look it Mould seem that 
this rapid development of rocket technology stained spontaneously Just after Vbrld Visa* n. 
However, considering this problem more attentively, it is obvious that the rapid develop- 
ment of rocketry In tie USSR during the post-war years vaa due largely to pre-war activity; 
in particular, to Investigations conducted in the Jet Propulsion Research Institute 
(RNII). For this reason the history of this institu e is of special interest. 

The history of RNII conmenced on October 31, 1933. »<h«i the decree organizing 
the Jet Propulsion Research Institute was signed, creating in Moscow the first state- 
owned rocket research facility. RNH resulted from merging two rocket organizations: 
the Leningrad dasodynamlcs Laboratory (GDL) , and the Moscow Gkmip fen* Study of Jet 
Propulsion (GIRD). Solid-propellant roclrets were developed In the GDL fTom the beginning 
of its reorganization in 1927. Shortly thereafter, work began on Jet-assisted take-off of 

t- 

aircraft and liquid propellant mnglnes (generally with nitric acid as the oxidizer). 

In GIRD, projects of liquid-pn^llant rockets (generally with oxygjen as the oxid iz er) , 
ram Jet engines, rockets with and without wings, and rocket planes, were designed and 
investigated. 

As the leading specialists of GDL and GIRD began to woric in this new organiza- 
tion, these trends were continued in RNII. Thus, RNII was a collective of enthusiast- 
^clalists in rocketry who believed In the great future of rocket technology, and. In 

^Presented at the Third History Synposlum of the International Academy of 
Astronautics, Mar del Plata, Argentina, October 1969- 

^Rocket engineer, affiliated with tht Baranov Central Scientific Research 
Institute of Aviation Engine Construction, 19^9; Chair of Combustion and Heat Thansfer 
at the Moscow Pbyslc^l-Ttechnlcal Institute, I960-. 

"*^See also, I. I. Kulagin, "Developments in Rocket ESTglneering Achieved by 
the Gas Dynamics Laboratory In Leningrad," and M. K. TUd»nravDV, "Prom the History of 
Early Soviet Liquid-Propelled Rockets," in the Proceedings of the First and Second 
History Sjnposla of the International Academy of Astronautics, Shilthsonlan Annals of 
Flight. No. 10, 1974— Ed. 
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spite of a lack of funds, pursued Intensive theoretical and practical studies. R.1I mbs 
a real research and develc^nmt organization that had at its dl^sal test facilities, 
scientific laboratories, worit-shops, a fU^it test station, and launch complex. Hie 
scientific and technical board of the Institute met regularly. Scientific confer«ices 
were organized, and numerous scientific ps^iers published. Over a period of 10 years, in 
flact, more than 120 papers were published in 19 edltlcns and monographs. Many ^leclal 
reports (on the order of some hundreds) ap^ieared, related to various cmcrete projects. 

Hie projects cocipleted in RNII were of different types. Hie purpose of some of 
them Involved the practical application of rockets in the defense of the cojntry. Many 
other projects dealt with the possibility of manned space fli^. Various subjects of 
theoretical and applied sciences in rocketry were also studied (for exanple, proolems 
of the gas dynamics, heat and mass transfer, etc.). Hie trends of RNII activity are 
considered briefly below. 

SOUH-PROPEIIANT ROCKETS AND TOEIR APPLICATiai IN 
ORWIANCE AND AVIATICN 

Hie fundamentals of chemical ccopositlon and production of homogeneous solid- 
prcpellant charges were developed in the GDL by V.A. Tildioinlrov, B.S. Artemiev, 

B.S. Petropavlovsky, G.E. Languemac, and others. Hie technology was Improved in RNII, 
and Yu. A. Pobedonostsev, L.E. Shvarz and other scientists achieved significant success 
In the d3sl0i of charges and chambera. 

Hich attention centered on the problem of practical ordnance applications of 
solid-propellant rockets. A series of rocket missiles of 82 and 132 im caliber were 
developed for launching from the ground or alrcrsift (Figure 1). Hie first successful use 
of these missiles from aircraft occurred in 1939 during combat c^)eratlons at 
Khalkhlm-Gol.^ 

Tb Inprove the aerodynamic characteristics of rocket missiles, engineers ccht- 
structed the first Soviet si^jersonlc wind tunnels In RNII under the direction of 
Yu.A. Pobedonostsev and M.S. Klsoiko. Among them, the ejection-type wind tunnel of kOO nm 
diameter should be noted. Figure 2 shows a missile model in one of the first wind 
tunnels constructed in 193^-35. 

Nimerous studies were also carried out to IjTprove rocket missile accuracy, 
vdilch still left much to be desired. Slgiif leant progress was achieved in this field, and 

^See Yuri A. Pobedonostsev, "On the History of the Development of Solid- 
Propellant Rockets in the Soviet IMlon," in this Volune — Ed. 




rockets of different tj?es were soon put 'Into service by the Red Array. However, the 
accuracy of rocket missiles remained ccaislderably Inferlar to that of conventional artil- 
lery; it was the most vulnerabl;i point of this type of weapon. Naturally, a suggestion 
arose: use rocket missiles for blanketing fire. 1b meet that need, the section of 
I. I. Ovay (RNH) began to develop nultlbarrel rocket units. Uws, the famous •*I6ityusha," 
used extensively during Wbrld War n, appeared (Figure 3)» 

one inportant a^^t of the p:<actleal application of solid-propellant engines 
involved the Jet-assisted take-off of aircraft— a conc^t »Mch had been tested earlier 
in (Ml under the direction of V.I. Dudakov. In I9III the Jet-assisted take-off of the 
baiter 1B>1 was fblly develcped (Figure 4), reducing the takeoff distance 20-to-23 percent. 
V.I. Dudakov's section also developed Jet catapults. 

The studies of soUd-pi^'^’Pellant rockets conducted by HNII placed the USSR ahead 
of other graat powers in this field. Ihe war demoistrated that the quality of German 
lolld-piropellant rockets was considerably inferior, in ^Ite of the efforts in rocketry of 
some prcminent German sclaitists. 

UQUID-PROPELLAMT KX3®TS 

Another important trend in RCI activity was the developmait of efficient 
liquid-propellant rocket engines. These studies involved nitric acid engines (V.P. Glushko), 
and oxygen engines (M.K. Tlkhcxiravov, L.S. Dushkln and others). Very large, systematic 
studies were undertaken to Improve the performance and reliability of nitric acid engines 
and to improve design methods. Anraig other engines, the ORM-65 (170 kg thrust), and the 
ORW-52 (300 kg thrust) (Figure 5) should be noted. In spite of numaraus difficulties 
and failures (detonaticwi eiqjloslcxis at engine start, for exanple) the p erf ormance of these 
engines were brought up to the design values. Nitric acid engines were developed further 
In 1938-41. In this period the RDA-1-150 (150 kg thrust) ard DlA-1100 (1100 kh thrust) 
engines were manufactured. The high level of development achieved with this type of 
engine is substantiated ly the fact that they were Installed and cperated practically in 
all of the prototype vehicles developed at P9III in the last pre-war years (the rocket 
plane RP-318, ballistic rockets 521 and 604, the rocket fighter BI-1, and others). 

rftimerous Important results were also obtained in the field of oxygen rockets. 

In particular, it is of interest to note that the development of the modified engine 
OR-2 (100 kg thrust), vhlch had been startea by P.A. Tsander. Although wca*k temlnated 
in 1934, this engine was Installed in the winged rocket 216. The develcpnent of the 
engine series 12K (300 kg thrust, Figure 6) was initiated in 1934 by the specialists 
led by L.S. Dushkln. Engines of this type were installed in the rocket "Avlavnto." 

Figure 7 shows the engine 205 (100 kg thrust), developed in 1936-1937- Althou^ develop- 
ment of oxygen engines stopF>ed in the last pre-war years— and during the war— it resumed 
again after the war vrtien the success of oxygen rockets waj of world-wide significance. 
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BAIXISTIC IJQUID-PfWPEnmT ROCKETS 

Work on ballistic r<x:kets, or "long range rockets” (as they then :’e knowi) in 
HNII, was of an exploratory nature. Besides the oxygen rocket 09, which Imd been first 
launched by GIRD, the fll^t te.sts of the rockets 07 and 10, the rocket "Avlavnto" with 
tte engine 12k (Fd^e 8), and others, were realized in the RNlx by P.K. Tikhorravov and 
his colleagues. In 1939~^0 ballistic rockets 521 and 60i) using the combined solld- 
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ppc^llanfc fflid nitrlc-acM englre (about 100 kg thrust) were developed aM tested by 
RKET (Figure 9). Rst^s of 19-20 te were obtained in these tests. It should be mted 
that not cstily slr^e roclcets tere tested, but 8-1^1 rockets were tested In series. 
Unfortunately, these prcariLslng Investigations ceased at the teginnlng of the war because 
the funds needed to ijBprove the aceuraoy and reliability of this type of rocket were 
ailable. 


(Srains of solid fuel were Introduced into the crrabustion chanber of the nitric- 
acid engine 5 \xpcm ignition of the p*ains, a short but strong thrust lB|>ulse occurred. Tte 
gyalns havtag bimed out, the nitric-acid aM kerosine mve introduced autcssatically into 
the eoBjtwstion chsober and the engine began to vrork as a llquid-prcpellant one. 





Fig. 9 


WINGED LIQUID- AND SOLID-PROPELLANT PACKETS 

Over the period of 1933-39, RNII also developed winged liquid- and solid- 
prcpellant rockets. The main purpose here was to investigate the flight dynamics of 
wL'^ed Jet vehicles with a large thnist/wel^t ratio, and the practical aK>llcation of 
these rockets In air defense and ordnance systans (ccnpitations showed that for a short 
flight rangp the initial weight of a vrtnged rocket was lower than that of the ballistic 
one'. 

In 1933-3b the rocket - (80 kg Initial weight), powered by the liquid oxygjai 

engine 02 (OR-2) and equipped w5 > autopilc '3S-2, was developed under the guidance of 
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the authoi* of this p^per*. A drawing of this rocket is presented In Figure 10. The 
gjrroscqpe autopilot GcPS-2 developed in HNII by S.A. Plvovarov controlled the elevator 
and ailerons. Rjt the first tlrae in the USSR, Initial acceleration of the rocket 216 at 
launch was provided by a solid-propellant rocket catapult. A drawing of the catapult 
launching truck appears in Figure 11. Five 216 rockets were tested, but their trajectories 
and ranges mre far fron the design values because of the low reliability of the 
subsystOTS. 

Specialists paid considerably more attention to the reliability of the subse- 
quent winged rocket 212, developed by S.P. Korolev. The iredel of this rocket Is shown 
on the launching truck in Figure 12. The nitric acid engine ORti-65 was Installed in this 




Fig. 12 


rocket, which was equipped with the autc^ilot GPS-3 to ccaitrol the elevator, rudder, ard 
ailerons (Figure 13'. Numerous bench tests to adjust the systems of the rocket 212 were 
carried exit. IMfortunately, only two rockets were prepared for launchlrig Ln 1939. It 
could not be expen^ted, of course, that the rocket’s r^erfoirance would be brought up to 
design values by launching such a small "series’* of roci^ts. 

In additicxi to winged rockets with liquid-propellant enrfnes, air defense vringed 
rockets with solid-propellant engines were developed in 1935-33 under guidance of 
M.P. Dryazgov. Winged rockets of different aerod,vnajnic conflr.c^nions were tested 
(Figure W). Better stability characteristics obtained for th-e f< rocket 

217/11 with a low aspect ratio. In 1937-38 RNII conducted net;otiationi' v.lth a specialized 
experimental desi^ bureau for the radio-controlled autv.. iio;.* rmci hcrirr hicads which 
were supposed to be Installed in tl^se rockets. In 1938 the theory of contralled v/inred 
rocket fli^t developed by ?*i.P. I^azgov appeared. 
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(Pigure 175, contimed develcpssents in tMs prc®ram. Hie DM-1100 engl» CllOO kg thrus' 
also developed in RMII, i^as installed In this aircraft. Bakhehlvandzy piloted the first 
fllgiJt of tte BI-1 on rfe^' 15* 19^2. Ifewever, an atterrpt to Increase the flight speed 
resulted In his death, Atreng the factors which iray have been responsible for this 
catastrophe was the poor knowledge of the air cotisressibility effect on aircraft control' 
lability; in particular, the dangereus shift of the center of pressure rearward was not 
yet krown. 


cosausioN 


IMs review of the basic trends of Mil activity arri tte list of wsrks carried 
out In 1933-M2 is far from complete. In pitrtlcu'Lar, the studies of ram Jet and pulse Jet 





engines, llquM- and solid~prc^llant gas generators, autciratic control systesjs for Jet 
vehicles, etc. , have not been ccnsldered. V/hat were the main reailts of this RMEI 
activity In the period of 1933-^2? Evident success was achieved in the field of rocket 
missiles ("Katyusha"), and Jet-assisted take-off of aircraft, as the desi^i parameters 
were realii.cd; these systans played an Inportant role durir^ World War II. liiou^ other 
projects were not conpleted, valuable scientific and technological results were obtaired 
in the pjtocess of the research and develofsnent. A gr®it reserve of knowledge for future 
studies was provided, experieraie gained in the field of production technology, and design 
and test techniques related to varlcsas Jet vehicles and engines perfected. 

But perhaps the most valuable result of RNII pre-»rar activity was the training 
of scientific and technological, cadres that later brought the ur^srecedented progress In 
Soviet rocket technology after the mr. We mean specifically tte nechanics and test 
engineers, designers and mathematicians, scientists and project managers. 



N77-33053 


ON THE HISTORY GF THE EEVEliCSMENT OF SOLIlHTXmiiAFn' 

ROCKETS IN THE SOVIEr UNION* 

Yuri A. Pobedonostsev (USSR)** 

Ttoward the end of the 19th caitury, solid-propellant rockets were eclipsed by 
rifled artillery In military appUcatlcns, lost there former slgiiflcance, and became 
used only for secondary purposes such as Illumination, sigialing, and flrewccics, etc. 

This occurred because of the lack of a scientific thec»?y explaining rocket propulsion, 
the low effectiveness of the only patpellant then used In rockets — gunpowder— and the 
lack of advance In the deslgi of existing rockets that had hardly changed In the course 
of centuries. But the principal advantages inherent In the rocket remained: slopUclty 
of design and especially the simplicity and ease of mounting for launching. These con- 
siderations constantly attracted the attrition of Inventors throu^iout the world. In 
Rissla, work directed toward improving powder rockets never ceased for even a year. 

After K.E. Tsiolkovsky created the foundations of rocket-dynand.cs, the 
Intuitive attempts of Inventors to use a propellant with a hl^ier heat energy than gun- 
powder received a scientific groundli^. N.I. Hkhomlrov and I.P. Cfrave Independmitly 
proposed to use smokeless powder In rockets before World Vbi* I. V.A. Artem'ev, 

I.V. Volovsky, N.V. Gerasimov and others were respcamible for a series of Interesting 
proposals to improve the designs of rockets and their launching mounts. But not orte of 
these proposalw received official sipport In Russia. 

After 1917 the attitude toward Inventors in our country changed sharply. Even 
during the Civil War, engineers N.I. TUchomlrov and V.A. Artem'ev started work on the 
desl0i of a smokeless powder rocket and In 1921 a special laboratory was set up for these 
studies In Moscow. First they tried to wortc out a rocket engine deslgi that would func- 
tion according to existing Ideas of smokeless powder artillery, but soon they became con- 
vinced of the necessity of creating a special, slow-burning rocket powder, realized in 
the form of a solid composite charge. 

*Presented at the Fifth ^^Istory Symposium of the Intematlcmisd Academy of 
Astionautlcs, EBnissels, Belglun, S^temi>er 1971* 

**Oo-founder of the Group for the Study of Jet Propulslcxi, Assistant Chief 
E^’^^lneer at the Scientific Research Institute No. 3 In Leningrad, 1935-19^6» Professor 
of aerodynamics, Moscow Aviation Institute 1957- • 
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In 1924, 0.0. RLUii^xyv and S.A. Serlkov, pyroteclsilc ^)eclallsts Moz4clng at the 
Ai?tlllei7 Acadeoy then located In Leningrad, devel<^)ed a fonnula for a new type of powder 
based on a rvan-volatlle solvart by weli^it of nitrocellulose, 23 % IWr, and 0.5< cenr 

trallte to retard burning. It was v;alled "FTP", l.e. ^yroxyllne 5® gowder. E(y 
1928-1929, the wG(t4c conducted In the Artillery Acadet^y on the new rocket ftiel fonnula and 
Its technology pennltted develc^nent of a senil^jroductlcHi technique for pr^>arlng the 
solid coo|X)sltlcn FTP by pressing the prepared powder mass Into hollow, preheated fenale 
dies. 

n^eperatlon of lor« rods of the solid composite cheirges of FTP, each with a 
diameter of 24 nin, for Tikhomirov's Moscow laboratory, ves organized In the powder 
work^xips of the Fort of Lenli^raa using the very same presses on tdilch neny years before 
the great Russian chemist D.I. Mendelyev had pr^xired sanples of smc^less powder for 
the first time. In the mld-19208 TUdxznlrov's laboratory was transferred to Leningrad 
where, during the course of several years, static tests were conducted on composite 
propellants of various sizes. V.A. Artem'ev obtained positive results in static tests of 
larger propellant charges made up of five rods compressed together with a coni)lned diam- 
eter of 76 nm, with "evai" burning over the entire surface. A rocket was soon designed 
using these solid composite charges and it was successfully tested on March 3> 1928. An 
ordinary mortar was used to laiaich the rocket and establish its trajectory in the first 
300 meters. This rocket traveled 1,300 meters overall, using half the rocket charge. 

This was the first Soviet smokeless powder rocket. V.A. Ventsel' and M.B. Serebrjakov 
also suipUed valuable help, woriclng out theoretical questions and solving practical 
problems of Internal and external ballistics. 

Having achieved the first promising results, N.I. Tikhomirov and V.A. Artem'ev 
determined to apply this krxiwledge toward broadening the scope of their work. A few 
months later. In Jvne 1928, Tikhomirov's laboratory was reorganized as the Leningrad das 
Dynanlcs Laboratory (QDL). O.E. Langemak began work at WL In 1928. He was placed In 
charge of one of the first priority tasks at the laboratory — ^the study of the 
characteristics of burning of powder composite charges in rocket chambers with nozzles. 
Thereafter he contributed a great deal to the design theories of powder rockets and the 
methods of calculating rocket loading wlfh charges of smokeless powder. The basic 
principles such as the burning of rocket charges were first advocated and confliroed In 
experiments he conducted. 

In 1929 B.S. Fetixpavlovsky was appointed director of experiments at ®L. Ife 
soon became the main scientific director of the laboratory. His name is connected with 
the rejection of the "actlve-Jet propulsion principle" and the switch that led to 
actually broadening the application of powder rockets designed in QDL. Uider Fetropavlosky, 
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the basic 2k nin solid conposlte charges made from FTP, vdiich were prepared In the laboratory 
shc^s In great quantities, were selected as the standard in GDL. llierefore, on this 
standard engineers devel<^>ed three basic sizes of scailed-up rocket chainbera of 68, 82, and 
132 nm calibers. Ihe latter two subsequaitly becaire the basic ceillbers of Soviet rocket 
missiles for decades: the RS-82 and the RS-132, later named "Katyusha." 

Various types of solid rocket projectiles were developed cxi the basis of the 
experlmmts and theoretical research conducted in GDL. Ihe main consideration was 
stability in flight, and the rockets were desigied to revolve around their longitudinal 
axl , rjaintalned by an outflow of gases through a tangential nozzle. However, with such 
an arrargenent for stabilization, about 25% of the rocket charge was lost in liif)arting 
the necessary rotation to the projectile. Thus, in developing the rocket projectiles, the 
collective of GDL had '"d.ed first of all to solve the problem of fllgit stability in order 
to achieve the hl^iest accuracy, launch of these rockets was acconpllshed from a tube. 

Hie first missiles were designed in GDL with calibers of 82 and 132 irni, and designated for 
aircraft. But the missile vdth the smaller caliber was also designated for firing as a 
hand-c^ierated anti-tank weapon. However, at this time the tuTbo-rocket missiles could 
not be silled as weapons because they were still under deirelopment. 

In 1929 j at the suggestion of V.I. Dudakov, work began at GDL on developing 
solld-^)ropellant rocket engines for accelerating the lift-off of aircraft. After 
N.I.- Tikhomirov's death on March 38, 1930, B.S. Petrc^avlosky was named head of CE)L, and, 
after December 1932, I.T. Kleimenov. During this period test pilot S.I. Muldiln played a 
slgilflcant role in the test work of GDL; he fired the 82 ran rotating rockets from a 
Y-1 aircraft and for the first time acconpllshed the first practical jet-assisted takeoff 
of the Y-1 and TB-1 aircraft. 

But by 1933 » tests of these same rockets with various shapes and with a number 
of different tall assemblies which did not exceed the caliber size showed that it was 
Impossible to maintain a steady flight and obtain satisfactory accuracy. Therefore, In 
mld-1933t a project Involving rockets with tall sections exceeding the size of the 
caliber of the projectile was undertaken. In order to launch these rockets, special 
aircraft firing stands had to be created with longltudlngil plates strengthened by curved 
cross-members. Soon, rockets with the new stabilizer deslgi were created. The dimensions 
of the tell assembly were 200 ran for the 82 ran rocket, and 300 ran for the 132 ran rocket. 

The first experimental launchings brought conpletely satlsfewtory results in accuracy. 

The RS-82 flew five km, the RS-132 Hew six km. 

This was as outstanding achievement of the Leningrad Geis Dynamics Laboratory, 
and detemdned the direction of future scientific research and experimental design work 
in the field of solld-prc^llant rockets in the USSR. Thus, GDL played a sigilf leant role 
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In the creation of the basic theories, planning design methods, and testing of rocket 
engines vilth the new, more powerful smokeless powder. 

In the interest of developing, strengthening, and broadening the work in rocket 
technology in the future, a move from a small organization to a large scientific research 
institute with a well-equipped laboratory and experimental base now appeared urgent. 

Utilizing the two most productive ftaictionlng organizations — Leningrad's GDL and Moscow's 
GIRD — in October 1933 a single Jet Propulsion Research Institute (RNII) was created, and 
GDL's work in powder rockets and on a series of other problems were- transferred to RNII. 

.<Vt this time a final design of the 82 mn and 132 nm rockets was almost conpleted and 
hrou^t to the stage of being put into productlcwi. Soon, serial production of 100-200 units 
of each type began. In the years to cone, G.E. Langemak, L.E. Shvarts, Yu. A. Pobedonostsev, 
M.K. Tlkhcraravov, P.N. Polda, M.S. Kesenko, V.A. Andreev and others worked on powder 
rockets in RNII. 

Aerodynamic testing of rockets vaa also ccxiducted by the ZJxikovsky Centred 
Institute of Aerohydrodynamlcs (TsAGI), vihere their stability in flight was tested using 
various sh^>es and sizes of tall sections. launches at the testing grounds were con- 
ducved using launch stands of various lengths. Geometrical eccentricity was measured 
Individually for each ixwket. Ihe character of the rocket flight was checked by tJie 
sraoJc? path and rapid filming. Beginning in 1935, systematic testing of » lid -propellant 
rocket launched ft?om 1-15, I-l6, and SB alrcreu't was carried out and returned positive 
results as to the accuracy of the rocket flight. Hie organization of work for the first 
extensive flight tests of the 82 ram rocket on the 1-15 filter was accomplished under the 
direction of G.E. Langemak. Test pilot G. Ja. Bakhchivandzhi, yiho later tested the first 
Soviet aircraft with a liquid-rocket engine, also took part. 

In 1937 a new design for launching rockets from aircraft was developed that in 
the future was even utilized in ground launching stands. Instead of a pair of longi- 
tudinal directing plates for each missile, engineers suggested installing a single directing 
plate for each missile in the sh^ of a T-slotted trou^. Ihe T-shape r .’c<posed by 
Engineer I. Belov, was approved. Ihe T, affixed to the missile, was inserted into the slot 
(Ml tne aui-craft wing v*ich serv«»d as the guiding rail. The 82 mi rockets (RS-82) were 
ready for practical use in Decen4>er 1937, and the 132 mn avlatlai roctets, in July 1938. 

The RS-132 was fired from SB aircraft vrtilch carried four rockets under each wing, fnom 
the I-16 aircraft with two rockets urxler each wing, and latei* from the IL-2 aircraft. In 
August 1939 these aviation rockets were successfully used in a tactical situation on the 
Khalln-Gol River in Mongolia. 
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At the beginning of 1937. RN’II was given the task of desigilng a raul vl-round 
ground launching -and using the T-slotted trough guiding rails adapted frcm aviatic»i. 

Ibward the end of 1938 the first models of the elf-prc^lled stands for volley firing of 
powder rockets were finished. 1. 1. Gvai directed their development. Prom December 8, 1938, 
until Pebivary 1939, the first tests of 1^2 inn powder rockets, fired from a multi- 
round base, were conducted. These tests showed that the sta:'-ds were rot yet i*eady as 
they afforded insufficient range and a low level of accuracy. But at the same time the 
tests desnonstrated the great possibilities of these rockets and their la'jnchlng stands. 

later in 1939, A.S. Popov, V.N. Galkovski', and A. Pavlenko submitted a new 
deslgi for the self-prqjelled l6-round launching stand. It was called MY-2, and, after 
serial production began, the BM-13* It consisted of 16 V-shaped trou^i-type g'ide rails, 
placed along the axis of the vehicle and rising over the driver's cab. Tn its construc- 
tlcai, every two guide rails were united at a cannon base. Ihe launchlnr sta j wcs 
mounted on the body of a powerful, trl-axIe - tomoblle — the ZIS-6. Tiie st'^-d allowed 
firing of all its missiles In 7-10 seconds. This f .ring stand was constructed in 
August 1939, and in S^tember-November factory testing was carr^-rd out that showed a hlj^ 
utility fi.ctor. The main rocket model fired from the ET4-13 stand was called M-13. It 
characteristics actually exceeded the performance of earlier rocket dcsigcs. Tiie rocket 
M-13 reached 8,470 meters with a payload of 4.9 ivs, a propellant supply of 7.1 kg and an 
engine thrust of 2,000 kg. The rocket had Impix'/ed aerodynamic characteristics which 
guaranteed sufficiently high accuracy. 

In late 1940 and at the beginning 1941, the M-13 rockets and the BM-13 launching 
stands urderwent final testing and development, and w'ere then turned over for mass pro- 
duction for the Anry. The successive accomplishment of the application of these rockets 
contributed to a considerable extent to rocket technology developed in the USSR in the 
post-war perioa. The outstanding results later achileved in our country in the development 
of rocket technology and in the conquest of space were to a si^iiflcant extent brought 
about because of the early success of thiese rockets. 
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ON HIE HISTOnr op ike SHU106H£RIC fOCKET 
SONDE IN THE USSR, 1933-1946'^ 


NUchBll K. Tlkhorravov and V. P. Zaytsev (lESR)'^ 


Ua shall call a strato^iha*ic rocket one equipped with instnnents and designed 
to fly into the strato^>here fcs* purposes of scientific research. Hw idea of using a 
rocket In this fashion occurred almost slnultaneously in 1933 with the lamchlng of the 
first Soviet UquicHiropellant rockets. Hese initial rockets wa« desiffied and built 
first, to fly, and second, to p er mi t studying the rocket's b^Bvior In flight. Naturally, 
the possible practical uses were of scant interest to the desi^^ier, because engineering 
goals determined the pwpose of these rockets. Howe\‘«‘, since almost *very rocket can be 
launched vertically and equipped with various instrunents, without qualification it is 
pertaps Inpreclse to categorize rockeus as stratospheric. Iherefore, in this essay we 
shall deal only with those rockets conceived and built for the 2 tsslgnment and technical 
conditions of stratospheric research. Ihls groig) of vehicles will also contain meteoro- 
logical rockets — soneclmes referred to as ’Vocordlng rockets" — that only differed frcm the 
stratospheric ones in their altitude ceiling. 

Hie reports and resolutions of the All-Uhlon Conference on the Study of Strato- 
^3here that took place in Leningrad from March 31 to /^aril 6, 193^*^^ spo?ead the ideas for 
building a stratospheric rocket. Participants at the conference proposed to investigate 
the upper atmo^here, enf^BSlzing their interest in the study of cosmic rays at great 


^Presented at the Hilrd ’istory Synposlim of the International Academy of 
Astronautics, Iter del Plata, Argentina, October 1969. Fbr further details on the devel- 
opment of Soviet rocketay during this period, see I. I. Kulagin, "Development in Rocket 
Eirglneeidng achieved by the Qas Dynamics laboratory In Leningrad;" A. I. Polyarry, "Cki 
woaic Done In Rocket Itechnlques, 1931-1938;" and H. K. Tlkhonravov, "Flwm the History 
of Early Soviet Liquid-Propelled Rockets;" in The First Steps Tbward ^ce: Proceedings 

of the First and Second History Synposla of the International Acadeny of Astronautics, 
Skidthsonlan Arrals of PU^t, Ifo. 10, 1974 - Ed. 

^Tlkhorravov , an engineer and specialist in liqulcUpropellant rocketry, helped 
build the first Soviet liquld-p-Tpellant rocket in the Gkoup for the Study 5f Jet Propul- 
sion (GIRD) In the early 1930's with Leonid Dushkin and Yuri Pobedonstsev. Zaytsev’s 
professional afflllat'ons are unknown. 

+++See Reference 1; the resolutions of this conference »ere published in a separate 
penphlet In 193^ at Lenlng:^. 


'\ 

■ SUNlf 


altitude, ite resolution of the technical section noted that "the conference believes it 
is n e c e ssa ry to concentrate the naln efforts on developing equdpannt ftr taking Instru- 
■ents into the stratosphere^ using [these] rockets as a transition stage towards designing 
z^jckets fbr n a m e d fUgilt." 

S. P. Korolev, Tu. A. Pobedonostsev, N. A. I>ynln, and A. N. Shtem, aeoang 
others, lectured at the conference. M. K. TUdionr av o v devoted Ms addi«ss specifically to 
"the use of rockets ftr investigating the stratos ph ere." The rocket TUdnnravov consid^ 
ered fbr this application was the 09 rocket of the Itoscaw Qrosp for the Study of Jet Pro- 
pulsion (dlD). But this rocket had not been desisted to Investigate the stratosphere, 
and was only cited as one ezaaple of producing a flying protot]^. Thus, it will not be 
dealt with here. Although confining our attention to rodcets expressly designed for 
entering the stratoqihere, we shall Include the vMcles actually constructed as well as 
those that were not lauiched cr even coeg>leted. 

V. V. Ranaov's Rocket . The engineer V. V. Razunov and the Leningrad Ghnup for 
the Study of Jet Propulslan desi^ied one of the first neteorological rockets. This 
Leningrad grou(>, argUliaEid by Uie Leninend Society for Assistance to the Defense Aviation 
and CheBdcal Construction of the USSR (Osoavlakhiffl) , built the rocket in mld-1937.^ 

Plgure 1 shows a schenatlc drawing and a longitudinal section of this nachine. The fol- 
lowing rudOers Indicate its parts: 1 - body, 2 - nose cone, containing a parachute and 



*A short descriptlcMi of tMs rocket is contained in an article by N. Rynln 
[Reference 2], in an article by M. K. Hkhonravov [Reference 3]» and also In the 
new^>aper Leningradskaya Pravda [Reference 4]. 


66 


instnioents, 3 - stabilizers, 4 • liquid oxygen tank, 5 ■* insulation, 6 - liquid oxygen 
fueling valve, 10 - liquid oxyggen shutoff cock, 11 - gasoline tank pre-valve. 

Ihe rocket featured an engine desigied by A. N. Shtem. One of the rotary- 
reaction variety, Shtem* s choice fbr an engine design was one attenpt to solve the r-rol>- 
len of efficiently supplying porepellant to the conbustlcn chanter. It consisted of pipes 
fixed along brackets, through which propellants passed, with the rocket engines attached 
at the pipe ends. Ihe engine nozzles were cut obliquely so that the reactive fbrce had a 
ccnponent in the norizoncal plane, directed perpendicularly to the bracket. With the 
brackets and engine attached to a bearing on the vortical axis, a rotary system was devel- 
oped In which centrifugal force supplied propellants to the engine. Figure 2 shows the 
schenatic diagram of this system. Apart from solving the propellant supply problem, it 
was possible to rely on the gyroscopic effect of the gyrating oass, useful from the stand- 
point of naintalriing stability. 



Fig. 2 
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Shtem desl^ied this aigine at the Air Equlpnent Desioi Bureau in the Lenlnend 
Society fbr Assistance to the Defense, Aviation and Chemleal Construction of the U.S.S.R. 
Oalculations indicated that the engine could deliver a thrust of 200 kg with an exhaust 
gas velocity of 2000 n/see. Die Baaclwum estinated speed of the rocket mbs ICO m/see; the 
eatlaated altitude attalraA)le, 5 kou 

Die RBZUB3V rocket aelf^ied 90 kg: the construction, 36.2 kg (structure 20.2 kg, 
engine 16 kg}; propellaits 22.39 kg (gasoline 4.89 kg* oxygen 17.5 kg); and a payloed of 
31.41 kg« m this way* the propellant weight anounted only to 25 percent of the rocket's 
(gross weight* or 38 percent* not including the payload. Li 1934 the rodoet (Figure 3)* 
its drawings and the Individual engine ccsgMnen b s ptoduced by Shtexn (a coabustlon cheober 
and nozzle)* were exhibited during the All-Uilcn Cbnference on the Study of the Strato> 
^ihere. But the building of a coaplete engine for the rocket dragged on txitll Nu^ 1935* 
(ten serious cos|>licatlons caused this effort to be abandoned. However* Raztisov's rocket 
was eventually lataiched successfully with a solid-propellant powder engine at the Aaro- 
litic Institute station in Slutsk. 


Fig. 3 

At the beginning of March 1935, in Moscow* a conference on Jet propulsion was 
held on the initlc ve of the All-Uhion Aviation* Scientific* Qigineerlng and Okchrlcal 
Society. There, V. K. Vetchlnkln, S. P. Korolev* V. P. OlusMoo* Yu. A. Fobedonostsev* 
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M. S. Klsaiko, and A, V. Zagulin gave lectures. IXiring the conference on March ?, M. K. 
Tlkhonravov also presented another lecture on "the use of rockets fbr Investigating the 
stratosphere,"^ In vrtilch he showed the possibility of using existing rocket technology to 
attain altitudes of up to 60 km. 

Let us note that the following organizations were interested In or actually 
developir^ stratosf4«rlc rockets: 

1) The U.S.S.R. Academy of Sciences; 

2) The Jet Propulsion Research Institute (RNII) of the People's Coninissarlat of 
Heavy Machinery rbnufacture (NKiy) , founded In 1933 on the base of the Moscow GIRD 
and the Lenlngral Gas Dynamics Laboratory (GDL); 

3) The Society for Assistance to the Defense, Aviation and Chemical Construction of 
the U.S.S.R. (Osoavlaidiim) ; 

4) The All-lkdon Aviation, Scientific, Engineering and Technical Society (1932-19^1). 
To be sure, most of the rockets were built to advsice space technology In one way oi’ 
another, and were not specially desigied for investi^tlng the stratosphere. But all of 
them remain of great Interest for the history of the development of Jet propulsion in the 
Soviet lt\ion. 

t he RNII Rocket . Of the rockets produced by the RNII, the one desl^ied by engi- 
neer V. S. Zuyev between 1933-193^ is perhaps the most interesting from the standpoint of 
studying the stratosphere. The Zuyev rocket was specifically designed for a vertical 
climb up to 50 km. Shaped like a cigar with four fixed stabilizers cn the tall. It had 
tanks, a body, and tall unit. But it possessed no engine or propulsion unit; evoitually 
the rocket's components were used In another hi^i-altitude roctet. Later on, a rocket of 
the Zuyev design was built Incorporating an 02 engine, and It made flights. 

A. I Polyarny's Rocket . A group of publlc-^lrlted persons interested In 
rocket technology farmed a special group within the Society for Assistance to the Defense, 
Aviation and Chemic 1 Construction of the U.S.S.R. In Moscow, and joined in building a 
rocket engine designed by engineer A. I. Polyarny, ndio began woiicing wl'.h this group In 
the autunn of 193** • With limited resources, Polyarny designed a relatively slitple meteor- 
ological rocket (Figure **). By the spring of 1935 the roctet and I*"" engine had been 
constructed, and a test firing made at Nakhablno, near Moscow; the flight test, however, 
proved unsuccessful. The rocket, with its engine Ignited, became wedged In the launcher 
and operated until the p-'opellant was consumed. TMs occurred because a special key that 
opened the tank valves was not removed quickly enou^. 

The Polyarny rocket engine utilized alcohol and liquid oxygen, and developed a 
thrust of approximately 100 kg. Liquid oxygen was supplied by pressure from Its own 
vapors. In the same manner as the 09 motor, with alcohol fed under pressure previously 
created in the fuel tank. In time, this rocket was given to Desigi Office No. 7 where 

^Published In the Collection of articles In fteference 5* 
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ft>lyamy .«ent to work. IDn Design Office No. 7, created In tte second half of 1935, it 
became known as the R-06, was raodemlsed, and made many flights. However, by tten It had 
a different role to play. 


Fig. 4 


The All-Union Aviatio n, Sc ie ntif ic, E^Tgi n ee rlr^ and Itechnlcal Society Rocket . 

In 1935, unused cOTiponents of sc»ne oxygen rockets remained at the HWII. Iherefore, Insti- 
tute personnel decided to build a stratospheric rocket using this material. Ihe All-lMon 
Aviation, Scientific, Bhgi. tearing aM Itechnical Society supported this initiative and 
granted 5000 rubles, allowing the work to proceed. 

For this rocket rhe following conpDnents were available; a) a 12k ceramic- 
lined engine designed by L. S. DusHcln, which delivered a thrust of 300 kg for 60 secorris, 
and operated on liquid oxygen and 95 percent alcolioi; fc) an OH^-50 Dynamics labora- 
tory engine that was to have been used In the 0^' iIRD rocket designed by M. K. Tlkhonravov 
in tr» autumn of 1933* It weltdied 15 ks’; .iri -roduced a specific thrust of 205-207 kg. 

Fbr a variety of reasons, however, this latter unit was mt used. 
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Figure 5 shows a section of this rocket. Stabilizers from the 05 iwket were 
discarded in favor of stabilizers from the RNII rocket, designed by engineer V. S. Zuyev, 
that had not been canpleted. Tliese stabilizer wings were contoured and hollow. In this 
way, the All-Union rocket assumed a launch weight of 100 kg, of which 32 kg consisted of 
propellants. Engineers estimated that the rocket would reach an altitude of 3800 meters. 
The nose ccxie contained a parachute wei^dng 8 kg, and was equipped with a simplified 
barograph designed by S. A. Plvovarov for measuring the altitude. 



The first launch of the All-Union Aviation, Scienulfic, Engineering and Techni- 
cal Society rocket took place in April 1936 ffon a Tikhonravov-desi^ied launcher made for 
the GIRD 07 rocket, towever, the rails of this launcher had been lengthened. Pravda 
featured a repoi?t of the launch under the title ”A Rocket Goes Into The Air,” and carried 
a photograph of the rocket in the launcher. TMs is how L. Brontman, the Pravda corre- 
spondent, described the rocket’s flight: ’’The mecl'anic switched on the electrical priiner. 

There was a gray cloud of evaporating oxidizer. A spark. Suddenly, a blinding yellow 
tongue of flame appeared at the bottom of the rocket. The rocket slowly moved upwards 
ailong the launcher guide rails, slipped from their steel clutches and hurtled swiftly 
upwards. The flight was an unusually effective and oeautlful sight. A flame flew from 
the motor’s nozzle, and the gas efflux was accompanied by a deep hollow roar. After 
p ;hlng a certain altitude, the white parachute in the rocket opened automatically and 
the machine descended slowly to tJ-ie snow-covered field.” 
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For Airther fU^s, techiiclans erected a wooden mast almllar to 48-meter radio 
masts, but with a eiidlng strip made Aram a rail of a narro w g auge railway, tdilch held the 
toackets— the rocket's eccentric clanps (Figure 6). Ihis mast was used as a launcher on 
August 2, 1937; however, during the launch, the maximum pressure gauge in the tanks failed, 
forcing a postponement. A few days later, on August 15, a successful launch took place 
and the rocket rose vertically and almost disappeared trca view. Wien It fell back to 
Earth, the parachute opened, but became detached and the rocket disintegrated on Ispact. 

The Instrunent for recordlr^ the altitude was recovered; It read 2400 met«?8. Since the 
Instrunent was installed inside the rocket, participants assumed that It recorded the 
altitude at which the parachute opeied. The rocket was seen to rise hitter after the para- 
chute op«ied; therefcsre, there is reason to believe that the rocket reached an altltute 
greater than 3000 meters. 


HARPAftAfllOllIMM 




Pig. 6 


The A. F. Nistratov Msteorologlcal Rocket . This rocket was built in the work- 
shops of the Scientific Research Institute of the Civil Air Fleet of the U.S.S.R. , on 
funds of 5000 rubles, during 1936 and 1937. Although completed, it was not tested 
(Figure 7). The engine, made of duraluminum, was cooled with water, with the water 
passed into the combustion chamber. The engine operated on liquid oxygen and oil. 
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According to calculations, the addition of mter, while lowering the tenperature, would 
have little effect m the thmst. IMs rocket v©s equipped with a parachute that could be 
automatically deployed by a powder ejection ch. r^. 



Fig, 7 


L. S. IXi s hkin and K» Tlkhonravov Rocket . Construction of this strato- 
spheric rocket, designed in 193? to reach an altitude of 30 km, ms not coapleted. None- 
theless, models of the rocket were made and tested using black powder motors. The powder 
motors were old ones, having been supplied to the Czarlst army In ftissla in 1916, but they 
sufficed to test the stability of the racket models, toong various models built, mention 
must be made of some that arranged the propellant tanks In a torus design. one version, 
a tank in the shape of a tores was made and tested for stren^h, though the rocket Itself 
was not built. 
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The L. S. Pushkin Rocket . Desl©ied by DuBWdn in 1937* this vehicle was built 
in the following year. It contained a gyroscopic control unit desigied by S. A. Plvovarov, 
and featured autcnatic control rudders on the stabilizers. The rocket had a removable 
nose cone with a parachute, an automatics compartment, and a propellant tank section 
between which was located a propellant-pressure accvmulator. This original method of pro- 
pellant supply had been conceived in 1935* The rocket also used a cerando-llned 205 
engine with a metal nozzle deaigned by Ouahkln that delivered a tbrust of 150 kg. This 
engine, a further Ijqproveaent of the 12k «iglne, and its propellant supply system were 
developed and bench tested. One rocket and four automatic control systems were produced. 
Since this stratospheric rocket was desigied for vertical flights and did not carry out 
tactical tasks, further finances were unavailable, and it was not produced. 

The R-05 Rocket . 0. Ku. Schnldt initiated construction of this rocket, with 
the wDzic supported by the Geophysical Institute of the U.S.S.R. Academy of Sciences. The 
rocket's altitude celling was to be 50 lon--and that capability interested the Institute 
of Technical Physics (Leningrad) , where researchers wished to vise the vehicle to study 
space radiation. Towards the mid of 1937 Desigi Office No. 7 accepted the assl^mimit for 

JL 

building the liquld-prqpellant rocket, designating it R-05* A. 1. Polyamy and P. I. 
Ivanov created a Joint projecv betweai the Design Office and Gec^hyslcal Institute. 

In the surmer of 1938, P. I. Ivanov carried out special wortc to stabilize the 
vehicle with a gyroscope, rigidly connected inside the rocket body. Six models were con- 
structed with sn)all liquld-prqpellant motors burning ethyl alcohol and liquid oxygai. 

The ncdel with Ivanov's gyroscope wel^ied 12 kg. These models flew and gave sa^isfact u. 
results. 

The full-scale R-05 rocket, built later In 1938, Incorporated an engine produced 
by P. L. Yakaytis that operated on liquid oxygen and 98 percent ethyl alcc^l. This pro- 
pellant supply system— a propellant-pressure accumulator — had been developed In 1937. It 
should be noted that the use of a propellant-pressure accumulator was made possible by the 
duraliBidnum propellant tanks. The rocket Itself was to be accelerated out of a launch 
tower by two solid-propellant booster motors. The Yakaytis liquid engine had the follow- 
ing characteristics: thrust, 185 kg with a specific Inpulse of 210 sec; burning time 25 
seconds. The launch weight of the rocket with its solid-propellant boosters was 60.5 kg, 
and possessed a caliber of 200 nm. The burning time of the boosters was 2.58 seconds; the 
average thrust of one booster: 200 kg. live capacity of the liquid oxygen tank was 20.5 

"^Thls locket should not be confused with the GIRD 05 rocket. The numbering of 
machines at the GIRD involved a two-digit sequence: 01, 02, 03, etc., without letters. 

The ntBiijerlng of the Deslgi Office No. 7 rockets also used a tw^lglt sequence, but began 
with the letter R: R-01, R-02, R-03, etc. 



liters, and it «as filled to 85 percent capacity; the volune of the alcohol tank was I3 
liters, and It was filled to 91 percent capacity. Ihe pressure created In the tanks dur- 
1ns e»iglne operation was 25-28 atmospheres. 

Up to an altitude of 10 km, engineers Intoided to maintain the vehicle's verti- 
cal trajectorj' by using a source of Infrared rays that would r<;act upon photoelectric 
cells on the stabilizers. Ihe rudders, autonatlcally controlled, would keep the rocket 
In the narrow Inftared beam. In 1938 the Ukrainian Physlcotechnlcal Institute developed 
the photoelectric cell system for the R-05 rocket. But In Piprll 1939. organlzatlOTed con>- 
pllcatlons caused all work on the R-05 to be suspended. However, at the beg^lnnlng of 
19^0, the Moscow Hl^ier Technical School (MVTO), supporting the Initiative of the rocket's 
developers, agreed to complete the R-05 rocket on the condltlai that a customer be found. 
Hie Hydrometeorological Service at the Council of People's Conmlssars of the U.S.S.R. soon 
ajp^eed to finance this woik, but the war teirolnated these efforts a few maiths later. 

Ihe P. I. Ivanov Rocket . In 19^3. with the war still underway, the P. N. Lebed- 
yev Physical Institute of the U.S.S.R. Acadeny of Sclencer expressed Interest In building 
a rocket that would carry Inatnanents up to an altitude of *10 km to Investigate the Inten- 
sity of cosmic radiation. The Institute proposed to launch a rocket from the Academy of 
Sciences' mountain statlcxi In Pamir at an altitude of 4000 meters. P. I. Ivanov accepted 
this assignment, and In April 1944 began the deslgi work. Ivanov directed the calcula- 
tions and design effort, with the partlclpatlcn of V. V. Abramov, and, later, I. V. Yaro- 
polov. They conpleted this work In June 1945. 

In October 1945, M. K. iHdTonravov, In whose laboratory fne aeslgn work hed be«i 
carried out, gave a lecture on the results at the Lebedyev Physical Institute's Technical 
Council. A few months later. In December 1945, upon the Invitation of Academician S. I. 
Vavilov, Ivanov submitted a report on the project In a meeting at the Institute. In both 
cases, the project w^s -.pproved. In March 19**o, the Lebedyev Physical Institute of the 
Academy of Sciences authorized the coistriiction of ten rockets, vl- .1 delivery by May 15, 
1946. 

Hie P. I. Ivanov stratospheric rocket belonged to the type of rocket that 
Involves successive separation of stages. Hie rocket consisted of three tandem solid- 
propellant powder rockets (Figure 8) with an internal chamber geometry of a 132-«in caliber 
rocket shell. Hie chaiabers were made from duraluminum and connected In series. A slow- 
burning pyrotechnic corpound cTtpresaed In a spe-^al tube ensured l®iitlon of the final 
stages. Hie external diameter of the rocket was 138 rrm; the length of the entire vehicle, 
3420 inn. Solid-propellant powder motors were chosen exclusively In order to produce the 
stratospheiac rocket as quickly as possible. Subsequently, Ivanov suggested the develop- 
ment of a llquld-propcllant rocket. 


75 




solM-pi-opellant starting booster motcr* which lengthened the rccket to 
jire 9), was used to increase the s|>eed at which It left the launcher to 
Ihe launclier Itself possessed a guiding length of 10,5 meters. The weight 
of the rocket with its starting booster, conpletely equipped, was 8?. 2 Kg. Without 
the starting booster, the three-stage rocket weighed 62.5 Kg. After Jettisoning of the 
individual stages, the weight reduced to 41.4 kg, and finally, to 22.1 kg, respectively 
(with propellant). weight of the rocket at the highest point of the trajectory 
was 14.9 Kg with Inss.ruments.’^ 


4230 mm (: 

100 m/sec 


’’Mion the \>m- ended, among the Oerron rocket equipnent recovered in 1945, tne. 
was a fkieinbote solid-propellaj-.i., rmilti f=*tage rocket wiiich, except for the propellant 
chai^, hardly differed in overall design frcxn the P, 1. Ivanov stratospterlc mcket. Ihe 
dates shown above indicate that the Ivanov rocket was developed quite inaependently In the 

Soviet IMon. 



ncsnlc evaluation by the P. N. Lebedyev Physical Institute of thm U.S.S.R* Acadenty of Sci- 
ences, which was testing special research instrumentation.'*' Ihree roctets were prepared 


It shoulc be noted that the maxlMim acceleration during launch was 12% 
the scientific Instruments had to withstand this force. 
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fto* launch. The coafaustion chamber of one of them disintegrated at launch; the second 
d)Bn 0 ed course erratically tdien the booster dlacor.nected upon leaving the launch tower; 
the center of gravity of the third roc^t las artificially moved fbrward, and it flew well. 

Radar was employed to determine the altitude attained on the third flight In 
late June. Prob^ly, this nos the first atujgt to use ralar to determine the trajectory 
of a roclcet. The Lebedyev Physical institute ceased using the Ivanov rocket at the end of 
the summer of 19^6 because It lacked sufficient power to lift tl« desired scientific 
Instruments. By this time, *'nwever, work on liquid-propellant stratospheric rockets had 
prog^ssed considerably. These lator vehicles reached greater altitudes, and cord;alned 
heavy, large, modified scientific instruments. 
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EXFSamiAL ICSEMCH AMD OESSM FLAIKIMB IN TIE 

Fmi> OP LLQpm-Ffceojjm rochbt bcbcs ognured aaMESN 
193^19M pi he FQUXABS of F. a. TSAWBt* 


Leonid S. DusMcin (USSR)^ 


This report describes Soviet resear^ and desi^i planning of liquid prcpellvifc 
rocket engines (hereafter teneed LPfEs), a field often insuff: :dently elucidated in the 
technical literature of the history of rodoet technology. The auttior, a pupil of 
P. A. Tstnder, took a direct part in fulfilling this research in a ^(bdivisian of the 
Jet Propulsion Research Institute (HNII) on a GIRD tean headed by Tbander. This r^ort, 
hoMever, ccmrs only sooe parts of the history of the develofnent of Soviet LPRBb and does 
not touch upon the research fulfilled in this sane period by specialists In ot*ier a rea s 
of RNIl, or In other organizations. 

Befbre noving to the basic topic, I consider it necessary to nake a few pre- 
Unlnary observations about the principle diaraeteristies of T!Banda'*8 practical Mork in 
Ii>REs insofar as these characteristics have been overlooked in the tadtlngs devoted to 
his Mark. The nane of Tbander is uell knoiai in the USSR and abroad as a foUoHer of 
K. E. Tsiolkovsky and as a great scientist in the field of interplanetary flight theory. 

He is also kmei as one of the first research engi neers to lay dam the foundationa fhr 
desi0i Mork on LFREs in the Soviet Uhion and create the aethods for LPIE engineering cal- 
culations, projections, said experlnental elaborations. His ideas and scientific legacy 
are thus highly valued in our country and have become the subject ~>f investigation by 
specialists and historians of rocket technology. 

The first conference devoted to the elaboration of Tsander's scientific legacy 
and the development of his Ideas mss held in Nay 1970 in Riga; lectures given by 
specialists in different sessions Investigated his Moric ajd clearly demons tra ted its 
linportance In the theory and construction of Jet engines, in astrodynamlcs, in life 


^Presented at the Fifth Hlstcs^ Synposlum of the International Acadeiny of 
Astronautics, Brussels, Belgium, Septenfcer 1971. 

collaborator . . A. Tsanlsr and a co n tenpcrary of Sergey Korolev, Dushkln 
specialized in rocket engine deslsi and the development during the 1930s aiid 1940s In 
GIRD, RNll, and other scientific institutes. 
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support systenSf arri also» the Influence of his thoughts and ideas in solving the 
contesporary scientific-technical problems related to rocket engines and cosmonautics. 

Being a theoretician and a space flight enthusiast^ l^sander attached paramount 
Inportarice to questions of the choice of method and the directlor and sequence of design 
work— especially as it related to the problems of liTC* He Ijobued these questions with 
a sense of technical reality and scientific validity and perspective. We know that he 
created his school 1a the field of the theory and planning of Jet engines on the basis of 
his om theoretical and practical work. Itie characteristics of this schcx>l» as related 

ii 

to LPHE 9 appears in detailed examination of his theory of rocket engines^ methods of 
propellant calculations, experimental research on the laboratory model "Cfl-1,"^ design 
decisions in applied oxygen LPREs— developed In the GRID engines ”0R-2" and **0-10"3 — 
and also in the studying of schematics and technicaLI data on LPRE developed by l^sander 
that farmed the tasks undertaken in GIRD. 

Ihe following points reflect the basic elements of the idea content of this 
school of thou^t In LPRE: 

1. Strict scientific and technical substantiation of the data for proposed engines, 

2. IntroductlcMi of experimental research on models and laboratory devices. 

3. Application in the LPREs of propellants based on liquid oxygen, liquified gases, 
and metals, 

4. Inplementing construction of LPP’s as independent hardware, especially In supply, 
direction, and regulation of the propellant flow, 

5. Development of a one-chanbered LPRE allowing an increase in thrust regolated 
over a wide range, 

6. Creation of combination rocket engines which united in one power plant .arious 
kinds of engines, 

7. "Dechnologlcal efficiency, reliabllltv and power increase in the most advanced 
designs based on subsystem arrangements for ease of dismantling and substitution, 
during the development of prototype and final constiniction stages. 

Ihe experience realized in the work at GIRD between 1932-1933 straigthened the 
belief in the validity of the Tsander school, and in the necessity of developing its 
methods for application to further activity. After Tsander 's death in 1933* his school 
continued to develop and exerted a significant influence on the woric in the LPRE field in 
RNII— created at the end of 1933~in which his students, followers, and sup^rters 
elaborated upon the theoretical, experimental, and design directions pioneered by Tsander. 
In RNII between 193^-1"^^^, reflecting this stage of Soviet rocket engine development, his 
followers carried out a widespread LPRE research and development program. 
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In crder to give you an Idea of the naln directlorB of this work and the 
results obtained, I have provided below the basic technical data, construction design, 
photographs of sone of the devices taken ftom their original sources (presarved in the 
archives), in the chronological order of their coapletlon.^'^^ 

ALOOHOL-OOnSI LFRE, SINGI£>PIRINB "12-K" ENGINE WITH A IMIUST OP 300 kg 

Ihls engine, designed, constructed, and tested on a stand in 1935-1936, was 
eannarted for use In wingless and winged rockets. Ihe distinctive features of the **12-K" 
engine In conf>arison with other engines created in GIRD were: a higher level of thnist, 
and pressure in the coiribustlon cheBbar, as well as a design construction daracterised by 
vortex nixing of propexlants, and the use of ceraodc fire-f)roofed materials of altmdnuw 
oxide and magneslun oxide for thermal protection of the titeebeaf and nozzle, without the 
use of external cooling. The "12-K” engine deslgi is presented in Plgiire 1. The engine's 


perfonnance parameters were:^ 

1. Thrust 300 kg. 

2. Pressure inside the chanber 15 atm. 

3. ^)6clflc infxilse 210 sec. 

4. Pressure of fuel feed 25 atm. 

5. Dimneter of sections of the nozzle 42/82 am. 

6. Voluote of tiie combustion chaiber 2 L. 

7. Overall dimensions 450 x 220 nm. 

8. Vfeigit 13.5 kg. 

9. Duration of a single firing 60 sec. 


While testing the "12-K" engine, data was obtained close to original cal- 
culations. The engine demonstrated a high stability of burning without pulsation of pres- 
sure inside the chanber. Therefore, in 1937 the "12-K" engine was placed in the 
stratosphere rocket sonde "Avlavnito." The first launching took place on April 6, ]936, 
and was described in Pravda (April 8, 19J6); the second and none successful launching on 
August 15, 1937, employed a 48-meter launching mast. The "Avlavnito" had a starting 
weight of 100 kg, a dlaneter of 300 itm, and a length of 3,000 mr.. With a load of 32 kg 
of propellants, the rocket's calculated peak altitude was estimated at 10,800 meters. An 
overall view of the rocket, installed on the laiaich stand for the second flight, appears 
n Figure 2. 


+See MUdiail M. Tikho:iravov and V. P. Zaytsev, "On the History of fne 
Stratospheric Rocket Sonde in the USSR, 1933-1946," in this volume- Bd. 
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Pi^. 1 

Schematic of the 12 -K Alcd".ol-Kerosene LPRE 


In I937-I93B research began with the aim Improving the scientific basis of 
the IPRE engine designs before final construction, to Increase the reliability, and to 
inprove the characteristics of recently created models of LPRE working on nitric acid and 
kerosaie. The base for conducting the research was the LPRE Engine Laboratory (at this 
tline part RNII), vdnlch was called upon to conduct research on oxygen^ and nitric acid 
LPRE, pennitted testing of these laboratory models, and propellant combustion tests. 

Because this research had an applied character, the goal Involved studying the 
more "critical” problems encountered in creating nitric acid LPREs, related to assuring 
the reliability of the ignition, the stable and coirplete cont)ustion of propellants during 
the burning process, and the efficient cooling of the cxan 4 )er, etc. The Liitial irput nrid 
the test results of this research were as follows: 

Researching the Processes of Igniting Prc^llants 

Ihe Installation consisted of a combustion chamber with a constant volume, with 
a nozzle and a system for pressure impulse feeding of propellants through atc'iizei's in an 
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of the propellffiits into chamber, etc. Also, the porlod of Ignition dela^' was 
established as well as the (bastion of propellant cadxistion. Ihe resultant recamenda^ 
tlons for starting the nitric acid LPREs pax>vided for the dosage of f\iel at the mcment 
of ignition, of ttie expenditure and mixture ratio of propellant coR|X3nents, and the 
Inplfnentatlon of ignition and the burning process by controlling propellant flow, made 
possible in future efforts to Increase the reliability of operation of the liiS. 

Researchirg Combustion and Cooling Processes in the IJTC Ihit 

Dds research was conducted on a laboratory model of the nitric acid IfRE unit 
with a thrust range between 30 and 80 kg and a corre^wnding pressure in the chamber 
between 7- and 25 atmospheres, the wateiMxoled model had sets of interchangeable 
nozzles, cylindrical parts of the contHJstlon unit, and of centaifUge atordzers for the 
fuel and oxidizer. Nodiflcation of these elements allowed for "hiodellng” the various 
cycles of firing and for detennining the influence of the differait elements cxi the dur- 
ation of the filing and its perfonnance characteristics. 

Ihe data received from this research provided a clear picture of the phenomena 
ac..jcpanying the firing of nitric acid LPREs, and allowed the fomulaticn of a series of 
reccnmendatlons for future planning. Among the most important were the following 
prepositions: 

1. To obtain steady burning an*^ a hlgii ccnpletlon of combustion, it was necessai^ to 
feed the propellants throu£^ suitable injectors that assurred the fonnaticxi of a 
stable front of flame in a cross-section of the chamber. 

2. To obtain reliable extemad cooling of the combustion chant>er and of the nozzle 
using propellant components, it was necessary to provide variation of the flow 
in the cooling channels around the surfaces according to the changes in the 
thennal conditions of the walls of the combustion chamber and the nozzle. 

Ihese findings made possible the constructl<xi of nitric acid LPREs of a more 
advanced design, with a corresponding improvement in the reliability of their firing. 

IHE NITRIC ACID LPRE, MULTTPIE-FIPINr, "RDA-1-150," FOR THE ROCKET GLH®R "RP-318" 

The •’roA-1-150" eridne w.^ conceived and developed during 1938-1939 using the 
basic results of the scientific research described above and the e^qjerience accumulated 
in work an the nitric acid LPRE at RNII earlier. It was designated for use in the rocket 
glider "RP-318." The design of the "RDA-1-150" englm is presented in Figure 3 . Engine 
perfonnance was characterized by the following data: 

1. Propellants 

2. Ihrust regulated in the range of 

3. Pressure In the chamber .... 


nitric acid and Kerosene 
SO/150 kg. 
C/l8 atms. 



Fig. 3 

Schematic of the RDA-l-lSO Nitric Acid and Kerosene Engine 
for the Rocket Glider "RP- 318 " 


%>ecific Ijipiilse I 5 OA 98 sec. 

5 . Pressure of fuel feed I 3/35 ates. 

6 . Maneter of sectims of tlie nozzle 25 .V 50 nm. 

7 . Volume of the chan4>er . 2.2 L. 

8. Overall dlmaislcxis. i»20 x 200 nri. 

9 . Weight of the chamber (or unit) 10. 5 kg. 

i.0. IXiratiaj of an uninterrupted flrir^ 200 sec. 

11. Cperating lifetime 28 min. 


The features of tte T)A-1~150'' design that distinguislad it fron earlier RKII 
nitric acid LPREs were the following: 9 

1. Mixing of propellants in the carfcustlon ciiamber by means of injectors. 

2. Engine cooling with tvro prcpellant carrponents* the nozzle with kerosene and the 
cylindrical ccntoustlon charrtber with nitric acid, with their circulation along 
spiral canals at clanging rates of flow, 

3. Thernal protection of the injector plate of tlie chamber by Internal coollr^, 

A. Dual-stags Ignition with the application of an electrical spark and prqsellant 

flow controls, 
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5. A : *Kiular design ccxaposed of three principal ccrrponents; tte head, the charttoer 
and the mzzle. 

During final tests, the engine perfonned close to the pre-test calculations. 
■The engine demcartstrated stability and reliability during burning which ©aaranteed its 
admtttame to fligjht testing in the ”RP-3l8" rocket glider. On Petaruary 28, 19^0, this 
rocket glKier, with test pilot V. P. Fedorov at the controls, was flown successfully.^*^ 
IMs was the first flight of a Soviet pilot in a rocket-propelled aircraft. 

A v’.ew of the rocket glider appears in Pigpre 4, The design of t.« "RDA- 1-150' 
arigine became a prototype for other, more powerful models of nitric acid LPREs that we 
built later. 


ALCOHOL-OXYOEK LPfE, MULTIPLE FIRM! "RDK-1-150 
FeJULATPr) THRUST OP 70-l60 kg 


This engine and its test stand firing procedures were developed in 1939~19^'0 


of ccOTplling tests for comparison of its technical data and qualities with the nitric 


istlcs similar to those of the nitric acid LPRE "RDA-1-150” in the roi 
The design sctetatic of the "RDK-1-150'’’ engine Is presented In Figure 


with the RDA-1-150 Ehgl’-.e before the First Fllrhl 





This engine featured the same design decisions successfully realized in the 
”RDA-1-150” nitric acid engine, VIZ., an Injection, cylindrical combustion chairfcer, dual- 
propellant e'iemal cooling— tte nozzle with alcohol, the cylindrical ccmbustion chani)er 
with liquid oxygen— and a staged Ignition system with electrical spark and modular con- 
struction. The folio* Ing technical data chai'acterized the performance of tte 
”FiDK-l-150" engine 

1. Thrust .... ............ 70/160 kg 

2. Pressure in the chamber .................... 5/11 aims 

3. Specific impulse . . .............. 150/210 sec 

4. Pressttre of fiiel feed 8/20 atms 

5. Dlaieter of sections of the nozzle ............... 37.5/64rnm 

6. Volume of the combusticn chamber 1.8 L 

7. Overall dimensions ...................... 340 x 220 mm 

8. Wel#it ........ . 8.5 kg 

9. Duration of an uninterrupted firing l80 sec 

10, Opocatlng Ufetlms 20 min 

Test stand flrlngj produced data close to the pre-test ealeu.latioa''*.. Qrn< 
tests of the "RDIC-1-150" engine in a model of tlie gilder stag&l to ( e red .gjied 






as a rocket glider, were conducted In 19^0. Pligit tests of the engine proved 
unsuccessful. The value of the "RiK-1-150" engine develc^mrait resided in utilizing 
desigis slMlar to those of the nitric acid LPF£. aid sliowed the possibility and advis- 
ability of an oxygen L?RE that could be Ignited repeatedly. 

A OOreiNED SOLID- AND LIQUID-PROI^IIAin: ROCKEH' EMQINE, 

HE "KRI>-60i»," WHH A STEP-UP THRUST OP I,100-T0-5,000 kg 

Hk "KRD-640" engine was develc^>ed In 1939-19**0 an tte basis of confining In 
a single design, both solid and Uquld-prc^llants. TMs conolnatlcm of two types of 
oigines was acconpUshed In a manner allowing th.. engine to be fired at first as a solid 
propellant engine with a hi^ thrust; after the solid propellant supply In the chamber had 
burned away. It switched automatlcallv to bumliVb liquid prcpellants with a lesser thrust, 
but with an Increase In duration. 

Tlie first Ignition guaranteed a hl^ starting acceleratlcai and, naturally, the 
accuracy of the fll^t; the seccxd l^dtlori ensured the length of the fll^t. Nltro- 
glycerlne-based powder, nitric acid and kerosene were employed as propellants, the latter 
fed into the chamber by means of <x solldr-reactant gas gena?ator. A device that switched 
the engine automatically from solid- to liquid-propellants and triggered the gas gener- 
ator, was the chief design feature. The peculiarity of this design Involved unifying 
within the body of the rocket propellant tanks and a propellant feed system without 
piping and Intermediate conp a r t ments. 

The schematic of this "KRD-60i;" engine, and that of the ”RDD-203" roctet in 
vftiich It was utilized, arr shown In Plgure 6.^3 The "KRD-604" engine produced the 


following data: 12 

1. Thrust 4,500/1,030 kg. 

2. Pi’essure In the chamber 220/48 atms. 

3. Specific impulse 200/220 sec. 

4. Pressure of liquid fUel feed 75 atms. 

5. Dlaanet-J? of sections of the nozzle . 39/132 run. 

6. Duration of firing 0.7/9 sec. 

7. Total Impulse of thrust 12,300 kg. /sec. 

8. Volume of combustion chantoer 18 L. 

9. Overall dimensions of the chamber 950 x 203 mm. 

10. Weight of the assembly 46 kg. 
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Fig. 6 

Schematic of the Installation and Confxsnents in the Rocket vdth the 
Combined Solid- and Liquld-Frc*" llant KPD-60^i Engine 


In 1940 - 1941 , test launches of the combined "KRD-694" aiglne in the ”RDD-203" 
rocket — which had an Initial welgit on the order of I 80 kg — achieved distances of about 
20 k' (against a calculated distance of 22.5 km).^^ A view of the "RDD-203" rocket on 
the launch stand for single and groiflj launches is shown in Fljire 7. 

HE NITRIC ACID LPRE "D-l-A-llOO” WITO A 00Nm0LLABI£ 

MRUST OP 350 - 1 , 400 kg, FOR BCXJKBT AIRCRAFT 

The "D-l-A-ilOO" engine war d-slgied in 1941 and assigned as a basic engine 
for ppplicaticai ■’n rocket aircraft Interceptor. Nitric acid and kerosene, fed into the 
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:;Fig. 7 

View of the l4^olle Launcher for ililtlpie Firing of RDD-203 Rockets 
With Ccnblned Rocket Qigines in Firing Position, Septenber 1940. 


chamber by a pressure-fed system, corveci as prc^llants. The design sehaiatlc of this 

engine is shown in Figure Si ehgl.ra design basically corrospaxls t- the 150 kg-thros-.. 

”RDA-1-150" engine descilbed earlier’, 

S 

The "D-1-A-llOO” engine possessed the fullcKlng basic technical ^iata: 


1. Thrust 1,400/350 kg. 

2. xPi^ssure in the-chasitjer . i. ... . . . . . . . . " 19/5.3 iatios. 

3. Specific irtpi'lse 2wi/15u sec. 

4. Pressure of fuel “eed . .................... 48/17 atms. 

5. Diameter of seotlma of the nozzle . 39/132 mm. 

6. Volume of tte Cviibustion chaiAjer ............... 19 L. 

7. Overall ciunensions 730x310 mm. 

8. Weight of ttte chamber with val" 48 kg, 

9. Duration of an uninterrupted fining 180 sec. 

10. Operating lifetime ........ ..... 20 min. 


IXirirg the creation of ttie "D-l-A-llOO" , grr->.t eifort was expended Iti r-ol-lng 
technical and prxluctlon problems (prlnarlly In connect lo.i with the nozzle sari 'ts 
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Fig. 8 

Schematic of a DI~A“U00 Kltric Acid and 
Kerosene LPRE for the Rocket Plane 


ready for Installation In the "BI" aircraft, diesigi»3 under the dlrecti<m of V. P. 
Bolkhovitinov. Bie first test flight took place on ffey 15, 19^2, with G, Y&. 
Bakhchivandshi as the pilot, arri was recorded as the first Soviet manr«d flight of a 
rocket interceptor aircraft. A picture of the ”BI** plane before takeoff appears in 
Figure 9. 
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Fig. 9 

A View of the Rocket Plane and of the D-I-A-llOO 

Engine Before its First Flight, Kay 15, 19 A2, 

aircraft li^sOPEBATINO ON NmiC ACID AND KEROSENE 
wrm A PUMP-FED PRCFELLANT SYSTEM; THE SBK3I E-CHAMBER "RD-2M" 

AND DUEL-CHAfffiER ”RD-a^3V” 

We began work cm the creation of self-contained LPREs with a punp-fed propellant 
rystem in 19^0, and It became the subject of intensive work after 19^*2, when the limita- 
tion in the "BI" aircraft of a pressure-fed propellant system becane apparent. As a 
result of the extensive desi@i study carried out in 1942-19^*3 and experimental work per- 
foimed In 19^^ > two models of automatic LPREs burning nitric acid and kerosene with a 
piBip-fed prcpellant system were developed, built, and stand-tested under laboratory ccm- 
ditions: the single-chamber "RD-a*f' with a variable thmst in the range of 350-1,400 kg, 
and the dual-chanber *'RD-2M3V" with a thrust of 100-1,500 kg, each identical in construc- 
tion and desi^i of t]% basic models, but distinguished frcm each other by the r^nge of 
the vailable thrust. Both worked according to the same principle. The design of the 
d- ' l-chamber "RD-2M3V** en^ne is sham in Figure 10. 

Four basic subsystems characterized the.se engines: the ccmt'usticm changer, 
Steam-^ generator, turbine pimp unit, and the Igiltion-rei^latlng subsystem, r.iutually 
interconnected by a single pneumatic-hydraulic system which guaranteed tfieir autcmiatic 
functioning and control of lotion, engine operation, and the cessation of burning by 
mear‘= of controls located In the cabin of the aircraft. TTie corfcustion chambers were 
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Pig. 10 

Scheniatlc of a Double-ChMt-er Plight a^ine AD-2M3B, Using 
Nitric Acid and Kerosene With a Punp-Fed Prqjellant %stem 


slirdlar In design to tte "B-l-A-llOO" engine, but were differait In tm des %5 of the 
start-st<p prcpeilant control valv^ ftsr tsultiple firlig in fll^t. 

The Vi^rlzing generator (PGQ) wortoed on the basic propellant coraponents, with 
water or an alcctol solution injected in the burner for cooling purposes which autotnati- 
cal3|' regulated the tai|3e^ture of the vapor ^ The ■ FOG was develqsed taking into account 
previous design esqperlence at Mil. 

The turbine-piarp unit (TNA), developed with the participation of the National 
Institute of I^ydromechatlcal Constinictlcm, consisted of two slrgle-stage centrifugal pmp; 
foTsfeeding fuel and oxidizer into the charrtber, and a separate pimp for feeding the alco- 
hol solutlai into the K30. The simply to the pimps used a two step turbine fed directly 
fhom the PCXS. 

The start-regulating systan (PRB) for these engines fulfilled a dual role. 
First, it served as a device for ensuring multiple firir^ of the engine, and possessed 
a mlcrosystwn of the pressure-fed system used for starting the POO. Seccnd, it served as 
a regulating device In the ermine to ccxrtrol the thrust, arxl also sujported the stability 
of a given pattern and flow return of the propellants Into the tanks during periodic 
shutitons. 






The basic subassaabll^ of the ongims Just etsjroerafced laid otter related cm~ 
pcnmcs were (xwbined into two modules: tte chanter mi the piasps, thus permlttlr^; tteir 
distribution togetter or separately in different ccinpartinents of tte aircraft. A gtoto- 
grsNph of tte chamber system of tte "H>25K3V** Is shown in Pipcre 11 and tte pjmping module 
in Figure 12. 




Pig. 12. 

Via# of the Ftarplng ftodule of tte Punf>«-Pei RD-2M3V Engim 
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**hD-2M3\r' 


5. 

Diameter of sections 

cf the nozzle 

. . 80/146 nm. 

80/146} 35/90 mm. 

6. 

Volume of the 

chantoer ........... 

. . 18 L. 

18/4.5:::L. g; : 

7. 

Overall dixnenslcais of 

the chamber block ...... 

. . 925x225 mtn. 

925x540x220 mm. 

8. 

Weight assembled ...... 

. . 200 kg,. 

-- m kg. 

9. 

Turbine power and RPM .... 

. . 75 HP/12,50Qrpn 

80 HP./12,000rpm. 

10*: 

Curating lifetime . ; . . ; . . 

. . 40 min . 

1 hr. 


The "RI>-2M” aid the 

ermines were successfully tested from January 


through kpril 19^5 in test-stand experliaents under goverrrossit control and provided reveal- 
:inesdsdai: tSiey becaiae the first models of Soviet;: automatic aujxraft:: IPFEs that ^featured: 
piBip-fed prc^)ellant systams vd.th multiple start. IXirlng tests In fll^t and when assen- 
bled in the experimental rocket aircraft "1-270", the engines proved reliable. A photo- 
gj^h of the ”1-270" Is shown in Pigpre 13. 





Pig. 13 

A View of the Rocket Plane With ttje R0-2M3V Engine 
Before its First Flljiit In September 19^7. 
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In concluding ov paper I think It Is necessary to stress that this survey of 
li’REs is only a snail part of the scientific and technical work undertaken in this field 
in the USSR between 193^1944. Moreover, these experiments demcnstrated the independent 
and self-reliant paths adopted in the Soviet Union for mastering the LPRE and for intro- 
ducing new technology, as well as the originality in solving the major scientific and 
technical problems connected with liTO designs of different types and requlronents. 

Me recognize Idle Inpcrtance of F. A. Tsander's role in this vrork, but it is 
impossible not to mention the exc^tlonally fVuitfUl, collective '«Krk of many engineers, 
designers, and experlm^ters, a large amount of idiom were followers of his school. Ihelr 
energy, persistence, and capacity were shown at diffa?ent times in achieving positive 
results during the testli^ and design development in the field of 
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ANALYSIS OF UQUID-PROPELLArir ROCKET ENGINES 
DESICaffiD BY F. A. TSANOR^ 

Leonid S. DusWdn ana Yevgaiy K. Moshkin (USSR)^ 

One of the characteristics of the scientific and technical activity of P. A. 
Tsander In the area of the developmart of rocket technology and astronautics was his great 
activity and productivity in fomulatlng and conducting engineering woiic on the practical 
utlHzatlcxi of the principles of reactive motion. He ves moved by a deqp conviction of 
the possibility of acconplishlng mamed space flight In the imnediate future within the 
existing level of science and technology. A prcxnlnent scioitist in researching a wide 
circle of problems in the theory of reactive motlm and Interplanetary fli^t, Tsander 
devoted a slgilficant part of his efforts to practical engineering and desigi problems 
directed toward producing e^ojerlmental llquid^?^opellent roctet «iglnes suitable for use 
in flying vehicles of various types. 

An extensive list of topics for practical investigation and development, formu- 
lated by Tsander, was devoted mainly to the energetics of reactlm oiglne power plants. 

It Included investigatlcxis In the ai^llcatlon of metals and supplementary fhel In liquld- 
prqpelloTt rocket engines (URE), the successful arollcation of new thermcdynamlc cycles, 
the development of deslgis and utillzaticxi of operating processes In LFRE, and the search 
for ways to Increase the efficiencies of the assembly and the specific liipulse of the 
engine. First among these taisks was the problem of producing reliable sanples of liRE. 
Tsander gave great consideration to the practical development of liREs, and considered it 
basic to the successful development of rocket technolog;y and the creation of the founda- 
tions of astronautics. At the same time he clearly recognized the great conplexlty and 
difficulties in solving this problem. 

Ihe hig^ scientific and engineering erudition of Tsander in the area of avlaticxi 
engine deslgi and related technologies, his insigit Into choices for developing rocket 

^Presented at the Sixth History Synposiisn of the International Acadaiiy of 
Astronautics, Vienna, Austria, October 1972. 
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IXishkln specialized In rocket engine deslgi and development during the 1930s 
and 19^0s in GIRD, RNII, and other scientific institutes. Moslildn, a specialist in liquid 
rocket engplne Injector design, is an engineer presently affiliated with the Ministry of 
Aviation Industry. 
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technology, and his knowledge of the state and level of developmaits in various areas of 
science in the USSR and abroad, pemitted him to develop his own original program of 
work—a program deslgied for successful completion with a minimum of effort and expense, 
and within the limited possibilities of obtaining material and technological assistance. 
IMs program provided for the development of methods for englrffiering calculation of engine 
processes and the choice of the optimum parameters for the operation of its assemblies; 
the development of laboratory models of LPRE and e^qjerlmental tests to verify theoretical 
calco!.ations, and the selectlai of rational shs^s and dimensions of the structural ele- 
ments; the construction and finishing of engines, mounting them in test vehicles, and 
carrying out fll^t tests. 

P. A. Tsander successfully realized this program between 1928 and 1933 • He 
perfonned the first and second stages in individual order without interrupting his main 
activity in the avlatlai industry. He performed the third stage of work with a small 
group of young specialists in the experimental-design organization, the Gfexjup for Study 
of Jet Propulsion (GIRD), created in Moscow during the fall of 1931 and headed by S.P. 
Korolev. 

A number of studies in the history of the development of rocket technology and 
astronautics ccxislder the practicail worses of P.A. Tsander on LPRE as Important stages in 
the develc^ment of Soviet rocket technology, but his works are often dealt with schemat- 
ically, without a detailed analysis of their directionality, originality, and maturity 
of creative solutions, or their scientific, technical, and pjractical value. An attenpt 
is made in this repxjrt to deal with the practical works of Tsander on LPRE in more detail, 
on the basis of preserved archive materials, and also on the basis of personal recollec- 
tions of the authors of the report, since they were fortunate to be his students and work 
under his directlOTi GIRD cai LPRE during 1932-1933. 

The development of methods for calculatLig the engineering performance of LPREs 
began to occupy Tsander at the beginning of the 1920s. His basic idea Involved the con- 
struction of an Interplanetary craft combining the features of an airplane with a llquid- 
propiellfnt rocket, in vrttLch certzdn metaulllc parts of the airplane and rocket structure 
are used as supplementary fuel after they are no Icxiger needed, when the craft had p)assed 
out of the atmosphere. 

The choice of propellents was a fundamental problem. Prom the very beginning, 
Tsander dwelt on his choice of cryogenic propellents as having the highest energy p»t«i- 
tial — liquid oxygen as the oxidizer and liquid hydrogen as the fuel. Later he regarded 
liquid hydrogen as promising the greatest potential, but for the initial stage of the 
woric he chose the more readily available aviation gasoline as the fuel for LPRE. The 
orlentatlcm toward aviation gasoline as the fuel in an oxygen IPRE, instead of liquid 
hydrogen, resulted not only from the difficulties in producing and handling liquid 
hydrogen during this time, but also because Tsander, in developing his ideas about a 
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ccxttined airplane and rocket In an interplanetary craft, wanted to use a single fuel for 
both engines onboard the craft 

F. A. Tsander provided for the poss.-j ^ity of . ‘ 'ig liquid oxygen not only In 
pure fom, but also in the form of a mixture of liquid aii- with various values of oxygen 
concentration, that permitted not only performing work in stages on the LPRE, but also 
lirproved the performance of the ordinary aviation pitijn engines. 

An Important theoretical result of Tsander* s vgork was the development of an 
engineering method for propellant calculations of oxygen-propellent rocket engines that, 
for practical purposes, determined the basic parameters of the engine and the structural 
elements. Consideration of the effect of dissociation of gases, precise determinatlcai of 
the heat transfer coefficients of the gases to the chamber wall and of the wall to the 
surrounding medium, and the calculaticxi of the volume and shape of the combustion chamber, 
wer^ characteristics of this method. This method produced data close to the actual values, 
and established Tsarders calculations in LPRE in the class of mature and original scien- 
tific and technical solutions. These calculations were pei'formed during 1930-1931» but 
were first published only in 1937 in the form of an article in the collection Raketnaya 
tekhnika (Rocket Technology) No. 5, under the title **Thenral Calculation of a Liquid- 
Propellent Rocket Engine.” 

EXPERIMENT/Ia INVESTIGATi™s OF THE OPERATING PARAMETERS AND 
STRUCTURAL ELE3®7TS OF A REACTION ENGINE m TOE 
LABORATORY MODEL 

Occupied with the deve'»opment of methods for engineering calculation of the 
operating processes and structural eleme^its of LPRE, Tsander became ccaivinced that it was 
impossible to give a satisfactory answer to many problems without obtaining experimental 
data lacking in the related sciences and technology. This Involved propellent mixture 
formation in the chamber, combustion processes, discharge, heat exchange, etc. Thus arose 
the necessity of producing a laboratory model to experimentally verify the initial assump- 
ticais. The production of LPRE models thus assumed great lirportance in formulating and 
mastering experimental techniques, 

The result was the production of the reaction engine OR-1. Without dwelling on 
a description of the OR-1 device, which is covered in the technical literature, we will 
note only the characteristics and role of this engine in desigi developments cn LPRE. 
Tsander prepared calculations for the OR-1 according to his original technique for 


In the 1930s Eugen Sanger pursued a similar line of research in Germany, as he 
sought to create a "space transporter.” Se' Irene S&iger-Bredt , ”The Silver Bird Story: 
A Memoir,” in this volume — 
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determining the parameters of LPRE. Liquid oxygen in mixture with liquid air served as 
the oxidizer. It is natural that the first tests of the engine begem vd.th the slnplest 
version, l.e., vilth ordinary compressed air, vrtth conslderatlcai of its gradual enrichment 
with oxygmi, ccncludlng with pure oxygen. 

Experimental results obtained In tests of the OR-1, carried out vd.th gasoline 
and conpi^ssed air, verified the calculation techniques, and gave Tsander the basis for 
continuing to desi^ LPRE with the use of liquid oxygen and gasoline ais propellants. The 
CR-1 oiglne permitted selecting the deslgi ^luticxis for the LPRE chamber. In this 
respect, the OR-1 should be considered a prototype of the OR-2 oxygen LPRE also produced 
by Tsander. 

m evaluating this stage of Tsander' s experimental wortc on the OR-1 laboratory 
model, one can conclude that it marked the producticai In the USSR of the first curating 
model of a rocket aigine operating with liquid fUel and a gaseous oxidizer, and slgilfi- 
cantly aided the systematic development of works in producing oxygai LPRE and rocket 
vehicles at GIRD. 


DEVELOPMENT OF Hffi GASOLINE-OXYGEN LPRE OR-2 FOR 

¥ 

■fflE PILOIED VEHICIE (ROCKET PLANE) RP-1 

One of the problems posed by this new technr i the USSR was the develop- 
ment of a suitable avlaticn LPRE. In order to provide a specific inpulse as 

possible, and taking Into account the promise of cryogenic fuels, Tsander selected liquid 
oxygen and gasoline as propellants for the OR-2 engine. In the long-range plan of LPRE 
development, he still contenplated sing metal to supplement the prc^llants, and also 
proposed using the so-called "ccxiverglng and diverging ccaie," In which the thermal action 
and acceleraticai of the gas flow was acccnpllshed. However, caking into account the 
necessity of developing the OR-2 engine in a short time and providing for its high 
operati(x>al quality, Tsander refrained from applying metal additives and the "converging 
and diverging cone" at this first stage of M?rk. 

Ch the basis of preliminary calculations, he selected 3 OO sec as the engine 
operaticxi time, sufficient for valid testing of the engine in fll^t, a thrust of 50 kg, 

p 

sufficient for accaipllshing fli(^t, and a chamber pressure of 6-8 kg/cm . In such a 
pressure regime with a sufficiently hlgi specific lirpulse, the heat flow from the gases to 
the chamber wall, as determined by Tsander 's calculations, would have relatively small 
values, and reliable cooling of tlie combustion chamber could be successfully provided. 

It is important to note that Tsander acccnplished the development of LPRE in the 
first stage of work. The complex engine plant Included all the systems and devices 
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necessary fcjr operating the liHE In flight on the piloted vehicle — ^the coirijustlai chamber, 
the fuel supply system, the lauixh ass«rbly, and the Ignition, operating node , and cut-off 
controls. Vte vdll also note briefly sone of the structural characterls. Ics of tj*. .evel- 
oped OR-2 engine. Tsander gave great consideration to the soiutlcai of the problems of 
prc^Uant mixing. Taking into account the properties of gasoline combustion, he designed 
the structure of the chamber so that individual jets of gasoline, delivered to the cham- 
ber toward t;' nozzle along the chanfljer axis, were brokai up into fine particles by the 
gaseous oxygen altering the OR-2 contoustion chamber at its upper part radially through 
slots in the chan4>er wall. The fine drops of gasoline mixed well and burned with the 
proper conpleteness in the medium of gaseous oxygen. 

Tsander considered the creaticn of a reliable chamber and nozzle cooling system 
as an Important problem In praluclng IPRE. His calculations showed that liquid oxygen had 
better characteristics than gasoline a3 a cooling liquid. Msreover, the liquid oxygen 
evaporates in cooling the chamber walls, Improvlxig the mixing, which was Just discussed. 

Thrust regulation was first provided in the design of the OR-2 engine. 

"nozzle valve" was developed for this purpose. Depending on the position of the control 
lever, varicxis numbers of radially positioned holes were gpradually covei^ed in the inner 
cavity of the valve. Each fixed position of the control lever correspcnded to a specified 
thrust developed by the engine. In designing the engine, the possibility of multiple 
firing of the eng. .» was considered and provided for with the application of a hl^volt- 
age spark plug as the Igiition source. 

Tsander also accounted for the technological possibilities of production; as a 
result, the entire engine assembly was fabricated successfully and made ready for tests. 

The deslgi of the CH-2 allowed for disassembly, and indlvldiial components and parts could 
be replaced or repedred during flnrJ. adjustment and operatic^'.. Tsander and his students 
developed a flight model that assisted placement of the assemblies of the engine plant in 
the RP-1 rocket plane. 

The firing tests of the OR-2 were carried out wlfcho>»v F. A. Tsander, was in 
the hospital in Kislovodsk during the test days. The teste occun’ed on ^ferch 18, 

March 21, March 26, and April 28, 1933. These were the tests of the first engine Installa- 
tion of liPRE produced at GIRD in a fonn suitable for mounting In p. flying vehicle. Of 
course, the first tests did not achieve the expected satisfact'^ry results. Tnere were 
chamber burnouts, exolosive ccmbustlon processes with firing, etc. .Mevei’theless , the 
results of the experimental data verified the possibility of liiplementing LPRF for piloted 
vehicles with high-c'.lorlc fuel. To Increase the reliability of operation of ttis engine, 
Improve its operational qualities, and reduce tlie time for preparing the engine for test, 
it was necessary to carry out laborious final adjustments and search for and select the 
most rational solutions with partlax Improvement of the structural elanents of the engine. 
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This lii|>rovaiient, acconpUshed by Tisander's students A. I. Polyamy, the 
authors of this report, and other collea&ies at GIRD, nainly Involved realizing the 
foUcwlng measure. FLrst, to de<srease the teig>erature of the gases in the chsober, it 
ms decided to xeplace the gasoline idth a highly concentrated solution of ethyl alcctol, 
which had been specified by TSander in case difficulties were encomtered with gasoline. 
Second, to improve the heat-^iieldlng of the contiustlon chenber and nozzle, it was 
decided to protect the inner walls of the chanber and nozzle with a refractory heat-insu- 
lation layer. Coatings based on naffiesluB oxide were used for the nozzle, and a lw d n u w 
oxide for the chanber. IMs pe*wiitted sliqplllVlng the design of the conbustion chseha* 
and fuel supply system. 

Hie new version of the engine was identified as 02, and was finally prepared ct 
the Jet ftopulslon Research Institute .lANII) during 193^1935* Hie firing tests, operat- 
ing with liqMld oxygm and 93t ethyl alccdiol, obtained a conbustion chenber pressure of 
2 

11 kg/'em , a thrust of 100 kg, a ^leclfic Ispulse on the order of 200 sec, ari a flxdng 
duration of 6u sec. In 1936 the 02 engine was applied in flight tests of the 206 winged 
rocket desi^yied by S. P. Itorolev. Ihstallatlon of the original OR-2 engine on the RP-1 
rocket plane was not acconpliahed because the alriYerae was used for other puz^nses as the 
light airplane BICh-1. 

TB/Euyemfi op the lo qiqine the oird-io rocket 

The second engine develcgied by Tsander was intended for the isigulded liquid- 
propellent rocket GIRD-10, produced in 1932-1933 at GIRD for solving a rasnbar of scien- 
tific research problems. It differed fftn the GIRD-09 rocket devejioped during this same 
period in that both ri'opellant conponents were stored In the QIRD-10 rocket In liquid 
fcam. Hus, the GIRD-10 rocket was the first domestic rocket that operated with LPRB. 
Numerous calculations carried out by Tsander, and particularly his students, preceded the 
design of this engine. In the initial version of the 10 engine. It was preposed to use 
liquid oxygen, gasoline, and molten or powdered metal as a fuel additive. However, In 
anticipation of technical and technological difficulties, this version was rejected. 

After further calculation and deslgi searches, the development of LPRE for the 
QIRD-10 rocket was acconplished with the application of liquid oxygen and ethyl alcohol. 
Hiis engine, given the Index 0-10, as well as the OR-2 engine, was Initially desigied by 
Tba der In the form of a cocplex engine plant coordinated with the parameters and fu- 
tures of the rocket Itself. Tsander later participated in its development. Hie design 
of the entire engine plant was preceded by thorou^ hydraulic, gas-dynamic, and structural 
calculations, with cKxisideration given to the production possibilities available at GIRD. 
We win briefly note some properties of this LPRE deslgp. 
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Ttie combustion chanter was all metal and pear-shaped, with a preconbustion 
chanter and extenial liquid oxygen flow cooling. The abs«ice of heat-insulation refi^c- 
tory coatings permitted producing a chanter of very low weight, which was very Inportant 
since the chamber was intended for testing an a rocket under flight cwditions. The 
cciriJination of external liquid oxygen flow cooling with its partial evaporation in the 
coolli^ channel, and the presence of the precombustion chanter, ensured good mixing of the 
propellants and complete coirtestion in the chanter. In this case, the solution of this 
set of problems can be considered identical in the 0-10 and CB-2 engines. 

Tb sun up the test operation of the 0-10 engine carried out in 1Q33 without 
Tsander, the following data were obtained: propellants— liquid oxygwi and 851 ethyl 
alcohol, chanter pressure — ^l(X«g/cm , throst — 65-70 kg, specific Inpulse— 175 sec. 'Zhe 
duration of continuous operation was 15-20 sec. I©iitic»i of the engine was acconplished 
with a sparic plug. An expulsion system from a corpressed air accunulator fed propellants 
to the engine coctestion chanter, ite mounting selected for the ermine plant in the 
rocket was so successful that it obtained practical application in later designs, and its 
basic features are preserved to the present day. 

The first test flight of the GIRD-10 rocket occurred on Nove?rter 25 ^ 1933 > near 
Moscow. Ihe aitire engine assent)ly Tunctiaied normally during this test; the engine 
developed a thrust of 70 kg, and the rocket was successfully launched. During the flight, 
however, because of mechanical malfunctions in the conbustion chanter, the rocket changed 
its direction of flight and landed with the engine still running. 

The flight test of the first Soviet LPRE verified the promise of the scientific 
and technical direction developed at GIRD, and aided in accelerating the development of 
subsequent rocket desigis in the USSR. Fridrikh Arturovich has characterized P. A. 

Tsander In the area of LPRE as a pixxninent theoretical scientist and talented engineer, 
distinguished by exceptional energy and single-snindedness in the realization of his ideas. 
His calculations, desigi, and experimental WDrk on LPRE and rockets at the Initial stage 
of develcpmait of rocket technology in the USSR show that he created his own school in 
the theory and design of reaction engines. Besides his engineering and theoretical 
developments, Tsander fashioned from a number of his students a large group of specialists 
who worked successfully In the following years in the area of rocket desi^ in Industry, 
in scientific laboratories, and in educational institutions. 
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EARUr POSTAL RDCKEIS IN AUSTRIA: A ICMDIR'*' 
FHedrlch Sctsdedl ( Austria 


Interest In ^lace research and roeketzy dates back alnost to its aeti'iv 
begdming. Scat Isiiresslonst *«y back In childhood^ shi 4 )ed nv thinking and becams 
the activating Ibrce fbr agr later ezperlaents. I shall ther e ftre atteapt to remtnlace 
about some early develciBents that established ay contact with qpace research. I ua? 
bom In SchMertberg* Austria* on Nay 14* 1902* and tiie first event that laade a pemai»nt 
ln|s«sslon on ay Bdnd oc cu rre d In 1910* tdien qpace forced itself directly to asn's 
attention. The Earth had to pass ttacu^ the tall of the Halley cooiet. The fact that 
cyan and carbon monoxide bands had revealed In Its spectrum farou^ about deathly fears* 
and men were not sure vhether th^ faced disaster. This event narked a new phase In 
huaan thou^ after It became evident that ^jace was not that hostile; one could dare to 
explore it. The event became the motivating force fbr ny later rocket eiQmrIments. 

There was still another decic « factor that led me toward rocketry. The mal'i' 
comectlons to the surrounded Fbrt Przenysl brote down in 1915 during Wbrld Mar I. A 
close relative had died In act^ i, and we had no news fkco some fhlends there for some 
time. The paper balloons fallek. to reach their destination. I was still In hiid^ school 
idien 1 suggested to ny professor that we propose the delivery of mall by means of i?ockets 
to the Depa r tment of Ubr. Ikifortunately* the Mar Department did not take up this sug- 
gestion. After the war* on September 8* 1919» I made a completely new experiment idiose 
significance I recognized only some years later. I developed a grotp rocket flxxn which 
another rocket was fired* similar to the now coimonly used step rockets. Thus I could 
reach great heights and cover long distances with relatively low expanses. 

In 1923 I made the acqualntoiance of Prof. Victor Hess who had discovered cosmic 
rays In 1914 and received the Nobel prize later for this discovery. Impressed by 
ProfessOT Hess's lectures* I started a series of Investigations on the Influance of 
Intense short wave radiation on cell plasma (plant buds) at the University of a?az, In 


Presented at the Pburth History ^nposltm of the International Acadeny of 
Astronautics, (kxistance, German Federal Republic, October, 1970. 

An early ejqjerlmenter with solid-propellant rockets and rocket mall delivery 
systems in the 1920s and 1930s. 
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addition to ny studies at the Institute of Teetnology. Although this type of 
investigation would be ls|>ortant for future q;>ace adventures* I abandoned research in this 
field after I realised that the beusteria and bacilli would go throu^ nutations* and that 
I might not be able to control their nultlpUcatlon. So I burned all the radiated plants. 

In the 1920s I started some preliminary rocket experiments towards space fli^t. 
But first of all I had to convince ny professors* who considered my ideas on apace fligdit 
as a scientific illusion because of ny youthful eagerness to assume that space flight 
jgs possible. My experiments were carried out in miniature scale. I developed a *hnlcro 
start tower" tdilch permitted me to test the over-all efficiency of rocket nozzles at 
various pressures; under the hood of a vacuum puap I fired tiny rockets and tested their 
efficiency while the air was evacuated. Diis experimental set-up was not further used 
in space research* but it was decisive for convincing some of my invfessors that the 
efficiency indeed Increased with lowmr pressures. 

unfortunately the vacuum punp at iqy disposal did not woclc fast enough. I 
decided* therefore* to fire a multistep rocket with highly explosive fuel ftxm a balloon 
at a helgdit of 15*000 meters and test its iqpace suitability rl^ there. Ihe balloon 
FS 1 was the transit of the small rocket, but it had also to perform some scientific 
experiments Which I could financially afford. Ihe balloon was furnished with mag- 
netized steel wires to hold It In a predetermined east-west position tdiich could be 
acoonpUshed due to the ndnlmal surfUce flrlctlcn at these heights. The rocket was fired 
in the direction of the Earth's revolution: eastwards. F u r t herm o re* the steel wires 
had to hold an alisninum flag (300 cm x 70 cm) in a certain position relative to the Sun so 
that it could reflect the Sun's rays to an observaticxi post cn Earth. Thus <me could 
pursue the position of the balloon despite its height. The rocket was also furnished 
with an alunlnum foil top for Sun reflection. 

unfortunately rebody seemed interested In my stratoballoon , and re observatory 
entered Into this experiment. Anyhow, the ballocn was found In Hungary and was sent back 
to me. I should add that ny stratcAxellocn carried some sUveraclde which would explode 
at a hi^ altitude. Due to the low density of the sdr at 15*000 m altitude* visible 
clouds of ionized dust should eventually form* and the dispersed matter could be moved 
out of the Earth's gravitational field by solar light pressure. I chose silveraclde for 
my experiments in ^xace since I had tested It before in ground explosion experlmmits: 
a grain of sllveracld on a steel sheet brought about a strong explosion because the steel 
proves less tense than the layer of air on tcp. The brisance makes the air more rigid 
than tie metal and thus a feather will balance In the air above the exploding silveracid 
without moving* vMle the steel sheet Is defoimed. In silveraclde explosions with iron 
present, finely dispersed matter can be detected (similar to the blackening of the inner 
wall of long used electr*ic bulbs) which is sensitive to light pressure. 

% aim was always the constructlcai of space rockets, but I realized ol course 
that a single person vxxuld never have the financial means to acconpllsh it. I hoped that 
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I mi^t find someone to support the ccaistructlon of postal rockets with automatic 
controls* but my hopes were disappointed. In July 1^18^ 1 started alone on the solid- 
propellant postal rockets V-1 and V-2. Ihey were automatically ccMitrolled* landed with 
parachutes, and carried letters with the remark final aims of my experlmaits are 
postal rockets and space fli^t.” After I had saved some more mc«Tey to finance further 
experiments, I constructed V-3 and V-4 in March 1930, and V-5 and V-6 in May 1930. V-5 
carried letters ^diere I stated". . . it is theoretically possible to deliver nail frtro 
Europe to America via rockets within 40 minutes ... it is theoretically possible to 
reach any point on Earth in less than one hour with rockets . . . it is theoretically 
possible to leave Earth with rockets: ^>ace fli^it.” But V-6 failed and the letters 

were partly burned (Figures 1 throu^ 3)* 

For experimental purposes I built relatively small rockets about 30 cm long, 
first of all because I could build them more unlfomly, furthermore there was no danger 
of explosion and they dldn*t need a parachute for landing. opening of the parachute 
(at the right moment) housed in the top of the rocket always proved the most conplicated 
detail in these experiments, and I never solved this problem to my corrplete satisfaction. 

In those years I gained experience that was of advantage at the first public 
postal rocket fli^t (V-7) on February 2, 1931, the Schoeckl Mountain to Radegund. 
This flight was extraordinarily successful; 102 pieces of mail were delivered and I proved 
that this new system held out prospect for a fast and reliable postal delivery, especially 
to isolated mountain areas. But economics forced me to use some rockets twice, ad din g 
new fhel cores. R^jedring the dairage to the casings, however, finally proved to be more 
costly in time and money than a complete new ccaistructicffi. 

In April 1931 I launched three sounding rockets with home-made recording equip- 
ment: a spectrograph with Zeiss prisms, and instruments to record the pressure, hei^t, 

and vibrations. Unfortunately the high initial acceleratioii and pressure during launch 
damaged the instrumentation. One rocket was constructed like a Greek colunn with parallel 
grooves along the longitudinal axis that had been worked into the aluminum casing to pre- 
vent rotation during the flight; this should have permitted an undisturbed spectrum 
recording. The second rocket, on the other hand, I provided with diagonal grooves in its 
casing for fast rotation, purpose was to iirprove guidance accuracy (like in a spinning 
centrifltgal top) and, Airthermore, the rotation could aid in simulating gravitation, at 
least to a small extent, a feature that might benefit manned space flights. Both models 
of the sounding rocket were constructed with intermittent thin layers of non-inflamnable 
naterial between the solid fuel and casing in order to acconplish an undisturbed and 
shockfree qperation of the measuring equipment. 

Late in the year, on Septeni>er 9, 1931, I launched postal rocket R-1. It 
carried 333 pieces of mail, including 33 special delivery letters. With this enormous 
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Sartfsle of !feil Posted between 1928-1930 


success I hoped to draw public attaition to my experiiaents and locate someone to support 
my plans for ftitter research; the constructicm of a rocket capable of crossing the 
English Channel (I started preliminary tests in 1932) and, as for the dr^m of my life, 
tbs construction of a space rocket. Such efforts were way beyond personal financial 
meam, requiring at least tteae wagon loads of solid fuel which, I am still convinced, is 
best suitable for space. 

However, endeavours to stimulate world-wide interest In space flight were 
Ineffective, I sutsnitted articles and rocket stands to the major world newspapers, but 
only one of ti»i bothered to answer — and thai with an apoiogy that tte subject was not 
suitable for its readers, lb my knowledge, there was never one sir^e word printed, 
althcu^ The New Ycrk Tines finally asked for the cqjyrigjit for all r^rts on n^y rocket 
flights, and reporters appeared to take photographs, I vas pa^sonally distressed that 
postal rocket successes received so little recognition. 




Ill 






I tant to say a few final words on my experiment V-8, which took place on 
October 28, 1931* I launched the rocket with a selen cell as an c^tlcal cc»itrol «Mch 
should have set its course toward a United beilloon. Hils rocket was Intended as a pre- 
Unlnary test for fhture fU^^s towards a star or an airplane containing a ll^t beam. 
Ikifortunately, this nl^it fU^t failed. 

I continued building postal rockets until 1935 < were constructed as 

group and step rockets as well, but they never exceeded the wel^^ht of 30 kg because I 
could not afford to build bigger ones. Ihou^ each was built differently, all of than 
were Intended to advance the cause of qiace flight. lata*, I destroyed nearly all of noy 
research notes and photographs of rocket launches and proceedings, for fear they might be 
used by the military. I abandoned ^>ace r^ieerch attirely after World War U. 

In the yeai*s that have followed, rocketry has gpne throu^ Inpressive advances, 
best reflected perhaps by that ounnous success of science and technology: manned fU#it 
to the moon. 
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imCBT FLICaiT TO THE MOCM— FROM IDEA 
TO REALm: A FODIR^ 


Rudolf Rebel (Gemen Federal Republic)'^ 


'Hiere is no stronger force in nature than an idea whose time has come. About 
the turn of the coitury. It was the idea of flying. TOus, the "Journey to the Mdoii" had 
already begun In 1908 idien I bou0it for 25 Pfemlg in Numherg, Jules Verne's bo(^ The 
Journey to the Moon that described how ttiree men were to be shot to the Moon in a giant 
projectile IVom a cannon near Cape Kennedy. However, I soon figured out that this was 
Inposslble, since all three would have beai killed Ininedlately nAien the projectile was 
fired. I took Verne's book to ny physics professor. Dr. Hess, at t*ie hl^ school in 
Numberg, and asked him how and whether a person could actually fly to the Moon. After 
reading this book, he said that he did not know either. But Verne gave a figure of 
11.181 km/sec as the velocity that a body must have In order to leave the gravitational 
attractloi of the Earth, and that pointed to rockets! But what was known at that time 
about Rockets? 

We knew that the Chinese had invented rockets In 8OO AD as Incendiary arrows, 
and that Oennan rocket corps had played a role In the Wbr of Liberation (I813-I815). When 
rifled guns came the scene, military rockets disappeared. In general consigned to fire- 
works and slgial ai^Ucatlcwis. Professor Hess advised me to get Involved with flying so 
that I could get an Idea for myself of how and whether we could actually get to the Moon. 
But vABt did we know about flying at that time? I found out that Otto Lillaithal had 
already itade more than 2500 fU#its in the years I89O-I896 In a glider he had put together 
himself, thus laying the foundations for present-day powerless and powered flight. Thus, 
at the start of the century, powered flight began In Berlln-Johannlsthal (Figure 1). 

I wanted to see this pcA#ered flying for myself, close up. Now I did not Just 
go out and buy myself a tz^ln ticket, although a fourth-class ticket A?oin Numberg to 
Berlin and back would have only cost 5 Marks. Instead I built myself a bicycle for 


^Presented at the Fourth History Synposlian of the lntematl(»ial Academy of 
Astronautics, Constance, Gennan Federal R^bllc, October 1970. 

An early experimenter with solid* and llquid-^ropellant rockets in the 1920s 

and 1930s. 
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Pig. 1 
Fiudolf Nebe^ 


5 Marks (Fipare 2). In order to use it, I had to pass a bicycle test in front of the 
16 Aldermen of NUrnberg, ite’a^xjn ny bicycle acquired tte nutaber 18351; now I could ride 
it to Berlin. Five hmdred kiicwjeters going, five Iwdred kilcceters back on dusty 
streets, full of horseshoeialls, and plagued by dogs which chased after an 

adventures 

In Johannistlml I then saw the first airplane, which flew aix3unl at housetop 
height vten there was no wind at all. This made me so enthusiastic ttet I immediately 
resolved to take part In flying. Naturally, I needed scmiethlng which would require only 
a mlniffliim of e>^nse, and so I decided to build a large kite which would carry me aloft 
and then glide back to the grmind. However, once I Md built the kite, I was forced tu 
admit that it ms not at all capable of lifting me off the ground. Instead, I learned 
that I M«ild have .-seeded eight such kites. Hoi«ver I did not have the money. But 1 got 
the wormy in an original manner, I tMiilt myself a card-board camera, Installed it In this 
kite, tripped the shutter with a string— an elas* ic cord — 1000 m above Numberg, and 
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Home-Made Bicycle Ho. 18351 


obtained the first aerial photc^raphs of the towi from the kite. At that tlroe, I took 
more than 200 sich aerial photographs. Ihey sold like hotcakes, so I no lornar had to 
ccaisider lai^ kites, but instead had tte mcaiey to twild a genuine roonop^l^ 3). 

such as I had seen in Johaimisthal. 

When it v®s finished, I rolled rround the training ground In Nurnberg in 1911. 
Now, procurir® iwsney vdth photographs was naturally very arduous, so I wrote to the War 
Ministry, stating ttet it would someday be possible to util 3 '.e such airciaft for military 
objectives, and requested financial assistance in fir^ '.•oit ''t's reply a disappolr.t- 
mmt. Tney responded tf>:t aircraft could never have military significance, because 
pilot ii^ an airplane required acrobatic agility. 

On Augist 15, 1912* 1 vron ray Bavarian pilot’s license No. 178 wltn a fli^t 
frcHii Nurnberg to Prankfurt and back. Within 2 years, moreover, the War Ministry had to 
admit that war could not be conducted at all without aircraft. But because of this 
short-sightedness, Gennany arrived at the front with 750 old Ihubes, vMle the Prerffih 
already had 3000 r»w airplanes, securing air superiority for the enany from the outset 
(Fi^jre k). However, the War Ministry soon received even nxsre dranatic proof of the 
necessity of airplanes. At the beginn^'^ of Septarfcer 191^ our flyers returned with the 
informtlon that the French were retrt Ir^ in fli^t toward Paris, but they were 
ridiculed because the cavalry had reported the French advancing in ilill strength toward 
the ffeme. 
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k General Staff Officer ms surmrmd frcwi the Central Headquarters In Spa to 
make a decision. He decided for the refjort of the cavalry and used his authority to order 
a retreat to the fbme. But what would have happened if vre had conquered Paris at tiie 
beginning of Septartoer in 191^? In hindsight, we can only say that the entire First 
World Vfer would have gone differently. Now the War Ministry reccgnlzed t^at airplanes 
had to be built in great haste and that we had to fly them! 

In 1916, I sat in the cockpit of a Fbcker morKjpiarie (Figure 5) with two machlre 
guns that fired thrcnigh the propeller and were ai^jposed to shoot down en«ny aliplanes. 1 
soon found out that things were not this sinple. With these primitive machines, om had 
to fly within 20 in of an enemy aircraft in order to hit it at all. However, tie ali’ 
superiority of the enaiy was about 10:1. Before 1 could get within the 20 m, my own 
craft had been hit. awards flew, the machine went out of control and Into a steep dive. 
When I woke ip, I was in a field hospital covered with bandageo, i now had time to con- 
sider vdiethep it would not be better to shoot dovan enemy airp’anes with rocl-ets frw a 
""Istance of 200 m. Instead of with machine guns from a dista.nce of 20 it. 

When 1 was released frcm the hospital. I went to the nearest engineering-supply 
depot, drew out tte lar^st sigial rockets, and attached warheads to than. K'.'erycr.e was 
tensely waiting to see vdmt would happen vtf-ien, 4000 meters up, vie encountered an enemy 






squadron of 25 planes. I pressed the button; an Imaense trail of powder anoke passed 
throu^ the c«iter of the enenv squadroi. One plane Imnedlately drcfi^jed its nose and went 
Into a dive, landing on the nearest meadow. With the second hit, 1 succeeded In shooting 
away an eneny propeller. Oily with the third shot did I get into trouble: I shot nyself 
dotn. When I pressed on the button, the primitive hand-made rockets exploded bef<M?e they 
had left my airplane. Ihe aircraft caught fire — and there werai’t any parachutes at that 
tlTe. 

I plunneted toward the earth in my burning machine. But then I had an lnisrobable 
stroke of luck. Right next to where the burning aircraft struck the gromd: two privates 
were working on line construction and they got me out of the burning aircraft In time. 

I certainly would not have escaped by myself. Ihey delivered me, scmevdiat burned, to the 
hospital. I was Imaedlately ccenanded to cease using these new weapons. However, we had 
to have a new name for this weapcxi. We baptized them "Nebelwerfer" (Editor's note: this 

pun cwi U* author’s name means literally "smcdce thrower"), and still tried unsuccessfully 
to get the Nebelwerfer used in the First World War. We had to continue fluting with 
nachine guns. In 1918 I acquired the best fighter plane of the First World War, a 


Pflaz D 8 (Figure 6) with a 300-hp a?otary engine with which I could climb to 8000 meters 
In 30 minutes. Hie air battles at elevations of 8000 meters tau^t me that I could take 
these aircraft up only as far as there was still air. If one wished to fly highs* into 
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As Fighter in Pfalz D 8 with 300-hp Rotary Engine 


airless space, one required an entirely different type of drive, namely jet or rocket 
drive idiich I later patented as the llquld-propeilant Jet engine under the nueber 

DRP 633 , 667 . 

After the ifar, I initialTy had other worries- I received my engineering degree 
at the IMversity of Munich in 1919. In order to finance further rocket r^earch, I 
founded a fireworks factory at Pulsnitz in Saxony. I sold fireworks to rifle clubs and 
continued my research on rockets. With some comrades who had survived World Uhr I, I 
believed that we had to do something to prevent a second Wbrld War. Che contribution 
could be a rocket which would fly at least 1000 km. We chose the slogan "no mere war," 
and founded an International Research Society that later received the name "PAWHHRA." 

(Xir objective was to stlnulate the Interest of the peoples of the Earth In the major 
problems of science and technology, and divert unnecessary finds for annements to peaceful 
and productive work, fcfe organized this world peace program of PAWithhA as follows: 

1. Ftocket fli^s for the purpose of ^»ce travel. 

2. Atomic energy for peaceful purposes. 

3 . Robots to relieve mankind of manual labor. 

U. Geothramal power plants for exploiting the heat of the Earth. 

5- World power plant Gibralter — lowra'ing the Mediterranean Sea. 

6. Ibking fertile the Sahara Deserrt. 

7 . Large-scale wind power plants. 

8. Udal power plants. 

9 . Solar mirrors to influaice weather. 

In 1927 the Society for Space Flight was founded, and in 1928 the first rocket 
cars were driven on the Avus test road. In 1929 UFA filmed a movie "Woman on the Mxn" 
that employed Heimann Oberth as scientific advisor. He had already published the bo 7 k 
Rockets to the Planets in 1923- I met Hermann Oberth on the UFA lot, and this meeting 
turned rocket flight Into reality. UFA provided 35,000 Marks for the first liquid- 
propellant rockets built at IG FUi^n in Bitterfeld, brou^ about the first combustion 
tests with liquid oxygen and ^soline, and resulted in a meeting (Figure 7) on 
July 23 , 1930 , with perscxinel at the Reich Chonical-ElTgineering Laboratory in Berlin. 

liius, on S^tember 27, 1930, I established the first launch site in the world 
in Berlln-Relnlchendorf. Starting with minimum rockets with one liter of liquid pro- 
pellants, abbreviated MIRAK 1, and throu^ four liter, 50 liter, and 500 liter rockets, 
the theoretical founda<,_ons of the V-2 rocket were worked out. This work resulted in the 
patent ES?P 633 , 667 , a Jet engine for liquid propellants, and the DRP liquid propellant 
rocket as a secret patent with the nunber N 32827 I 46g. The first liquid-propellant 
rockets driven with liquid oxygen and gasoline were launched from an Island in the 
Tegeler Sea. A manned rocket, the "Magdeburg piloted rocket," was also built, financed by 
the Mayor of Berlin, Professor Reuther. It did not set beyond a test launch in 
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F5g. 7 

Experts fVm Qwsjiisch~lteclmisete HeicJhsanstait 
[Belch Choalcal Engineering Laboratory] 
»dth Mebel, Ctoerth, van Braun, and Dr. Mtter 


ffegedeburg, because on January 30» 1933* Molph Hitler carae to power j the rocket became a 
"secret ccromand natter," and the tests were transferred to the authority of the Arrny 
Weapons Office. 

The Reich Central Security Office (RSHA) in Berlin took over supervision of 
the rocket laurwh site in Berlin. I sitoceeded In convlrMing them that it was isgportant 
to put together a documentary film to record the experlm6.its for posterity, 'Ms was 
possible because the Siemrais Company had brought out tte first l6m film device in 1930, 
and I got the idea of filmlrg the experiments fron the beginning. The documentary film 
"Rocket Fli^t 19^14" iias produced, txit cmfiscated by the English m May 2, 1945. Throu^ 
try personal visits to Lundon, I eventually succeeded in obtaining the release of this 
docurentary film arKl hal it deposited in tte Federal Film Archives in Koblanz. 

Ptey 2, 1945 , tl^ Americans arrived at the V-weaponc plant at ffeder- 
Sachswerfene in Harz, took possession of the last 18 V~2s ai>d V-ls, and all the German 
pataits. Sane 200 rocket researchers led by von Bram were also ta!:en to the USA, where 
they later developed other llquid-prcfsellant rockets Including 15 Saturn V rockets. A 
spacecraft launched on the seventh Saturo V laMed a mn on the Moon on July 20, 1969 . 
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But de^ite all the outstanding outerspai j acnicvements nade possible throu^ 
the principle of rocket propulslcai, I already foresaw in 1932 great difficulties in 
placing a large manned ^cestation In orbit by rocket propulsion alone. Iherefore I 
wslconed a study made by W. H. Kurpanek about a metho"* *■' njgce a space vehicle Into 
orbit by electroiaagTeticallv accelerating it in a evacuated 10-mile-long tube (Figure 8). 
Vfe submitted the study in 1969 to NASA. At the •.ha"'’ Space Flight Canter in Huntsville 
Alabuiui we received a research grant of $280,000 to billd a electromagnetic accelerator 
tube for slmilated metecs' iTiact studies. Ihe Wetro Hiysics Conpany in Santa Barbara, 
California, was chosen to billd the accelerator tube but the corpany failed to reach a 
business airangement with NASA, so we postponed this project. 

The mounting difficulties with the ^ce Shuttle Project, the launching of a 
large ^jacestatlon and most of all t.^e accumulation of radioactive waste naterial pronpts 
us to show the most economical way to solve those problems. A electromagnetic accelerator 
is the most economical and clean way to Imanch things into orbit, for only the payload in 
a hull without any Instrunents or motors can board is brought into orbit. The needed 
energy is produced on the ground with a f^G-Generator. 

A half century ago I initiated with others the first generation of space flight; 
man has reached the moon, now I would like to initiate together with 1%*. W. H. Kurpanek 
the second generation of space fll^t and let man reach the planets. 
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ORIGINS OP ASTOMaunCS IN SWITZERLAND"^ 

AlfVed Vfeldls (Switzerland)"*^ 

Sufitzerland has no claim to a pioneering role in astraiautics, nor is our 
country among the leading nations in this field today. Also, Swiss caiti ibuticxis cannot 
be measured on the scale of those made by larger ccoitries. Yet, on taking a closer 
look, one discovers seme daring and way-breaking thouf^ts and experiments originated by 
Swiss sciaitists and researchers. 

The task of setting a date on the origins of modem astrOTautlcs can be rather 
difficult. As part of the natural sciences, astronautics built upon all of the najor 
mathematical, physical, and chemical principles — all closely related to most other 
branches of research. Tm early Swiss scientists, for exanple, made basic contributions 
to astroiautics: Daniel Bernoulli, a mathematician from Basle, with his principle of 
flow ( Hydrodynamica, 1783), and Lecxihard Euler (1726) with his textbook on differential 
calculus. 

Legend has it that each of the famous Bemoullis lived in the hepe that he 
would create an abstract mathematical principle that had absolutely no application. Five 
of them died disappointed; someone always found good use for every concept they produced. 
Ihe sixth OTe, it is said, died happy because he thou^t he had finally produced a prin- 
ciple that was thorou^ily useless. That was the theory of the solution of simultaneous 
equations (now the basis of so much of our advarK^ed mathematics in dally use all over 
the world). Whether or not this legend is apocryphal, it does illustrate a point to be 
kept in mind: any mathematical discovery, in the long run, will likely contribute to the 
solutic»i of some problems that are che corxsem of man. 

Before reviewing the modest contribution to astronautics made by our small, 
neutral country, it would be useful to mention the reasons space technology to this 
day has not attained its due recogiition in Switzerland. 


**^Presenced at the Six^h History Symposium of the International Academy of 
Astronautics, Vienna, Austria, October 1972. 

**^Dlrector, Swiss Museum of Transport, Lucerne, Switzerland. 
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• In larger natiCMis, the development of launch vehicles for artificial 
satellites and space probes was made possible largely by armament or 
hi^ily-specialized aercmutical industries. In the period during and 
litinediately after World War II, Switzerland had neither an armament nor 
an aeronautical Indust-^y capable of such a task. 

• Aerospace developments In today’s leading space nations depended on 
substantial government grai*ts or subsidies. Switzerland traditionally 
relies entirely on private industry for applied research. It was not 
possible, within existing laws, to create a national space program 
providing the necessary funds for even a modes research program. 

In his opening address at the Fourth Congress of the International Astronautical 
Federation in Zurich In 1953* the well-known Swiss professor of aerodynamics, 

Josef Ackeret, very accurately sunmed up the essential considerations for the cooperation 
of individual researchers and small nations In space projects; "For young enthusiasts 
the situatlai is frustrating. While in aeronautics one or a handful of amateurs can by 
themselves build at least some primitive kind of flying machine with which to experiment, 
this is all but impossible in astronautics where activities seen to be restricted to 
’theoretical hobby craft.’ Real develojxnent work," Professor Ackeret continued, "can 
only be realized on a truly large scale. And this scale is bcxind to be so big that not 
even the largest companies, let alone private individuals, could enbark on the venture. 
Here, an oitlrely new form of teamwork is required. Each nation and each individual 
must fit in a scope within ; *lch he can make a useful contribution." These thou^ts 
suggest the limits to the range of space activities in my country to the 1950s. 

FIRST STRATOSPHERE FLIGHT 

Oie of the pioneers who tried to widen this dimension was the experimental 
physicist. Professor Auguste Piccard. Let us examine a few interesting details of 
Piccard’s historic balloon high-altitude flight of I^y 27, 1931* This event captured 
world attention in a hi^-altitude flight for scientific research. Together with Ehgineer 
Paul Klpfer, Piccard ascended to nearly 16,000 meters to conduct radiation measurements. 
The spheric cabin was made of 3*5 mn-thick aluminum plate, and consisted of three forged 
parts assembled by autogenous welding. Eight vertical supports in the interior formed 
the frame and supported the crew. Professor Piccard’s ascension had its dramatic mcxnents. 

At take-off, a sudden gust prematurely swept the balloon out of the hands of the 
launching crew before the take-off weight was under control and the Instruments properly 
stowed away. Adding to the troubles, the revolvLg device for the cabin did not work; 
as a result, the dark outer side was exposed to direct sun light, while the reflecting 
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aluBiiniun side remained in the shade. Tenperatures In the upper part of the cabin 
reached C, tdille the researcher's feet froze in -10° C. Professor Piccard made the 
foUoMing entry in his log-bock: ''Ihe situation is serious. Ihere are various dangers. 

We shall not be able to tine our landing as we ohoose (the valve line had not unwound 
prqpa^ly). If there is a leak in the cabin, we shall die of suffocation. It depends on 
the wind if we drop into the Adriatic to-nl^t or have land below us." Leaks in the 
cabin actually occurred several times and had to be repaired in a hurry. Tlie scientific 
measurements were c^xisiderably cocplicated by this fact. At 9 p>m. the cabin carrying the 
two scientists hit the ice of the Qurge glacier. 

AEHMJXNMOC CCMUMBOTICMe TO ASHOiAUTICS 

In the field of aerodynamics at hijdi speeds, as applied in rocket technology. 
Professor J. Ackeret has been Switzerland's leading scimtlst. His basic pap^ of 1928, 
"Air Resistance at Very Hl^ Speeds," not only gave an excellent survey of the state of 
this particular field at that time, but suggested a program of future research. Ackeret 
was convinced that the future of manned fU^t lay in aerodynamics of hi^iest i^>eeds. It 
was he who coined the term "Mach Number" in honor of the celebrated physicist, Ernst Mach. 
Ackeret wrote: "Ih aerodynamics of hl#ier ^)eeds, the proporticai v/a comes ip time and 

again (v ■ speed of the examined body, or the sdrflow, respectively; a * speed of sound). 

A short term thra?efare seems Itxilcated. Since the well-4<nown physicist Ernst Mach 
recogilzed the basic sl^ilficance of this proportion with particular perception, v/a may 
Justly be termed 'ffech Rjmber. '" "Mach" has been used ever since in scientific language 
as well as in popular texts. 

Ackeret decisively Influenced the development of aerodynamics of high speeds 
with his publicaticans cm ggas dynamics, aerodynamic forces on wings, bourrdary layers in 
compressible flow, and rcxiket theory. He begjan to read on rocket techiology in 19^1- 
19^2. His paper, "Conroents on the Rocket Hieory" (see references) finally marked Swiss 
engagement with questicxis of space, lb Ackeret 's vay of thinking, such a step was a 
natural conclusion, and he later gave the opening address at the Pcnrrth Congress of the 
International Astrcnautical Federation in 1953. In 1956, he published an article on 
the "Limits to the Attednabllity of Remote Celestial Bodies." In it he obseirved: "Ihe 

majority of the following remarks were written several years ago, but renalned in a 
drawer, since the conditions for attaining hl^ speeds (conparable to the speed of light) 
seemed to me all too vague." Prcm mathematical-physics he drew these ccxicluslons: "It 

becomes clear, therefore, that despite the most daring assumptions, we can no longer 
tl >ik of space travel beyond the nearest fixed stars. A Journey of this kind would only 
make sense if it could be hoped to discover and observe unknown planetary systems. Per- 
haps forms of life — ^very different from ours — could be found there. Thus, biology could 
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gain from such a discovery. But one nust ask whether more Is not to be gained by 
terrestrial research nMch actually Is only on the threshold of exploring life. Astro- 
physically, the yield would presumably be modest, since 99% of the substance is In the 
form of gas. An astronomicad observatory c»i the Moon will flimish all the results that 
can be expected In this regard. So we may have to reslgi ourselves to the old saying: 

"To tread upcxi the infinite, 
keep going in all ways of the finite." 

The ccMistruction of the first large closed-circuit transonic wind-tunnel at 
Professor Ackeret's Depai^anent of Aerodynamics of the Federal Institute of Technology 
in Zurich, in 1933-193^» caused a saisatlon in scientific circles and c^)ened the way for 
much more work In the field of rocket aerodynamics. TVio ps^rs appear represaitatlve 
of the great rnmiber of publlcatlcxis: "Tb the Theory of Aerodynamic Forces on Slim 
Profiles and Slim Bodies of Revolution," by H. R. Voellmy, and "Of Toroidal Wings," by 
Z. Plaskowski. Here, K. Iserland's experiments in 1952 with thrust reverse must also be 
mentioned. He placed a number of semi-toroidal tum-beick rings at the end of a rocket 
nozzle. Before being ejected from the nozzle, the gas Jet is set spiraling by a circle 
of revolving blades. As a result of the centrifugal load, the Jet spreads out, hits the 
rings and is turned back by them. If the blades are set in the direction of flow, keying 
the Jet free of spin, the gas is ejected from the nozzle in a straight line and flows 
through the centre of the rings, without changing direction (Figure 1). 
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ROCKET EXPERBCmS 


Anotho* farsi^ted Stdss pioneer In the field of rocket propulsion was the 
engineer, Josef Steomer. Afto* many minor experiments beginning In 1925, he succeeded 
In 193^ In reallzir^ vtBt he called "a reasonably successful farm” of test stand for a 
reaction thrust oigine. Dn the period betweoi 193^' and 19^5, Stemner build various rocket 
engines and test stands. The first experimental rocket engine had two combustlcn chsmib«7S 
and two ejection nozzles. Propellants were injected separately fTon the nozzle side In 
the oi^slte direction of flow. Qivmi very limited fvnds, Josef Stemner's experlmoits 
had to be carried out on a very modest scale. Mlth the exception of the coidxistlon 
chambers for the first test stand urtilch came ft*om an old two cylinder Mercedes gasoline 
engine, all the parts he used, such as combustion heads. Injector and eJtKstlon nozzles, 
were home made (Figure 2). His seccsid rocket oiglne propelled a model airplane. A third 
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was fitted with a mixing Injectlcai nozzle and a special cooling Jacket. It served to 
study problems of cooling and fuel. Tlie fourth rocket engine had a changeable combustion 


127 




chamber and a special coolant supply system. It was used to test ejection nozzles and to 
determir^ the duration of gas presence. 

Steimer continued his experiments with flying models and test stands until 1945* 
In a series of publications entitled ”The Development of Rocket Propulsion in a Generally 
IMerstandable Presentation” (19^5), he proposed a development program intended to be 
applied on a larger national scale. In 1951, Steromer was appointed Secretary of the 
Intematicaml Astronautical Federation. At the end of the same year, he founded the 
Swiss Astronautics Association. 

SPACE SCIENTISTS 

Beginning in 1932, another Swiss scientist. Professor Dr. Jakob Eugster, 
concentrated his studies of the effects of cosmic radiation. His investigations were 
first conducted Jointly with Victor Hess, who discovered cosmic rays on his balloon 
flints in 1912. Ihe studies were pursued at Innsbruck (Hafelekar, at 2340 meters 
ailtitude, and in the former salt mines of H^l), and, after 1937, at Fordham University 
in New York. Ibese studies concentrated on the effects of cosmic radiation on mil- 
cellular organisms and on healthy and diseased human tissue, and, more recently, in 
physiolc^cal form, with astronauts. Since 1950, a special observation station for 
biological controls has been operated in the interior of the Sinplon tunnel. Professor 
Eugster used the so-called "sandwich method,” in which the objects to be examined — seeds 
of plants or ova of small animals for instance — were placed in the cavities of a plexi- 
glass screen-plate. Tils preparation was fixed between two photo-plates with nucleai 
emulsion. Tie package was then enclosed In a light protection wrap and transported to 
high mountains, or attached to stratospheric balloons, or carried to high altitudes by 
rockets. After exposure, the photo-plates were developed; the tracco left In the 
emulsion helped to evaluate the exact location of the hits in the biological matter. 

Tie untiring effort of this scientist is reflected in over ICO original publications. 

Alfred StettbacKer Involved himself with the chemistry of rocket propellants 
and the production of explosives, among them the most violent of all, "Pentrlnit.” 
his book on explosives published in 1933, he clearly predicted the use of rockets as 
long-range wes^xins ”ln the next war.” Another work, published in 1948, included a 
chapter entitled, ”Tie Rocket or the Long Range Shot,” describing the various rocket 
propellants and adding conments on rocket ballistics. 

After the Second World War, rocket development was taken up by Swiss private 
industry. At tliat time, solid prepellant rockets of up to 350 m/s speed were considered 
"hi^ speed rock)ts.” In these developments, one tried to achieve speeds of over 
600 m/s, with the result that conventional projectile heads were no longer suitable 
aerodynamical ly. Consequently, new forms of solid propellant rockets were developed 
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that could be launched with particularly high preclslcai and with a :nlnlinum of air 
resistance. Initially, fully fixed tail units were used, replaced later by adjustable 
(flap-back) tall units. 

Development of a Swiss remote control rocket started In 1946. Aerodynamic 
tests with this rocket led to the addition of tall unit surfaces for guidance ccaitrol 
after conpleted combustion, and of longitudinally shiftable wings to control changes of 
the center of pressure. In the course of wind tunnel tests a special measuring device 
was developed. It worked on the principle of an analogue carpiter, and helped to reduce 
wind tunnel tests to a minimum. 

Table I, thou^ Inconplete, Indicates the activities of Swiss scientists in 
various astronautical fields. Tiis work indicates some of tte state of research and tte 
infrastructure for industrial production of parts, ccxrponents, aiid conplete structures 
for use in space. Ihls basic research has enabled Switzerland to produce a hl^>-altitude 
research rocket, developed by Contraves that reached an altitude of 300 km. Satellite 
structures have been successfully built, and quite a number of conpcxients for space 
vehicles aixi rockets prove Switzerland's ability to meet sophisticate requirements in 
specialized sectors. Most Swiss universities are engaged in some type of space research, 
if only an a small scale, and thus carry an the effort from modest beginnings. 

A great many Swiss scientists who were unable to realize their research projects 
a" hone have ^igaged their knowledge and work in American space pi?c^rains. Representative 
of these are Fritz Zwicky, Professor of Astrophysics at the California Institute of 
Technology, and Dr. H. U. Schurch. Professor Zwicky Is known as the '^Father of Ultra High 
El'iergy Propulsion.” He succeeded in 1957 with Project Meteor, in placing the first 
artificial meteorites in deep space. ^ Schurch successfully built a variety of satellite 
sti^ctures. 

On the other hand, prominent forei^ scientists pursued studies at institutions 
of higher learning in Switzerland before achieving success in the IMted States. Amcng 
these are Wemher von Braun, studied with Professor Ackeret at the Federal Institute 
of Technology (F.I.T. ) in Zurich in 1931; Professor R. Bisplinghoff and Dr. John C. Houbolt, 
who both defended their thesis on technological subjects at our F.I.T. in Zurich. 

Dr. Bisplin^off, the Dean at the Massachusetts lnt>-'itute of Technology, also served in 
NASA. Dr. Houbolt is known In modem space technology as the "father of the rendezvous 
technique” used in the Apollo program. 

How much Switzerland may contribute in solving aerospace problems in the future 
remains a question of government support. Today, It does not have a national space 


*^See Fritz Zwicky, ”A Stone's Throw Into the Universe: A Memoir,” in 

this volume - Ed. 
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progpTam. Our parliament is debating grants for LORO hi^ altitude research and satellite 
projects. Despite freqiient disappointments, the >^loneerlng spirit-shown by Jakob Bcmneli 
of Zurich lectured on ”A Flight Ihroui^ the Liilversu'' in 1897 — has not left Swiss 
ar]glneers and scientists. But ep long as funds are unavailable for t'ne realization of 
even moaest projects, their activities remain limited. 

In conclusion, the author must add here sincere thanks to these who coitr-ibutod 
to this report, partlcularli^ Fhglneer Eugen Eml of the xr^5t^tute of Aeronautical Struc- 
ture and Ll^twei{$it Deslgi of the Federal Institute of 'Technology in Zurich. 
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TAKE I 

Zusanmenstellung schwelzerlscher Wlssenschaftler und Forschei die slch bis In die 30-zlger Jahre 
mlt RaunfahrtfarschLing beschilftlgt baben. 
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THE EEVEDOPMENT OF ROCKET TECHNOLOGY AND SPACE 
RESEARCH IN POLAND'*' 


Mieczyslaw Subotowlcz (Poland) 


raOM TOE EARLTESr BEGINNINGS TO THE END OF 
TOE 19TH CENTURY 

•TOe first rockets were desigied in China after black powder was Invented, 

•probably not earlier than the 10th century and not later than In the second half of the 

12th century.^ TOe first known military application was during a military engagemait 

around Peking in 1232. In Europe, rockets were used for the first time by the Ihrtars, 

probably during the battle of Legiica (Dolny Slask - Silesia) in 1241, as reported in 

2 

a book by the Polish 15th century history writer, Jan Dlugosz. Ihe Tai*tars used the 
poiscai gases coming out of drag^i heads mounted on l<xig sticks. A little church was 
built on the battleground near Legiica. On the walls Inside of the church a fresco 

o o 

shows the battle-^ (Figure 1). T. Przypkowskl^ also found that a maik Seweryn (about 138 O), 
living In the same monastery, had written c*i the application of powder to propell the 
"tubes," vAiich probably were rockets. If this is true, it would be the first writt«i 
statement on rocket application in Poland. 

The first Polish description of rocket production appears in the book of 
M. Bielski, published in 1569 ,^ (Figure 2). Accoixiing to his own experiaice and experi- 
ments, the author provided exact descript icxis of how to produce military powder ixjckets 
(Figure 3)- 11* next Polish author to deal with rocket problems was Vialenty Sebisch 

(1577 - 1657 ), ftxxn Raduszkowice by OZawa (Silesia). He was the military architect of 
VfrocZaw. His manuscripts, discovered by T. Przypkowski,^ date from about the year I 6 OO 
and contain sketches of rockets with delta-type stabilizers (Figure 4), conic nozzles 
in rockets, a rxx:ket battery (Figure 5), and a device similar to the two-stage rocket 
(Figure 6). 

The most outstanding early work is the manuscript of A. Dell ' Aqua (1584 — after 
1654 ) Praxis recma dziala (Hand Production of Guns). Dell ' Aqua came to Poland from 


*^Presented at the Sixth History Symposium of the International Academy of 
Astronautics, Vienna, Austria, October 1972. 

Professor, Institute of Physics, Experimental Physics Department, 

M. Curie-Sklodowska University, Lublin, ul. Nowotki 10, Poland 
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Venice In I6l3 and remained in the service of the Polish King and the Polish princes ;«) 
to the end of his llfe.^ His nanuscript was written in Polish over a period of five 
years, between 1630-35. At least five copies survive. In Part III of the nanuscript 
(p. 389, K 187, Cz. 383) is found Figure 171. The roctets G-H are combined In a two- 
stage rocket (Figure 7). Ihe secCTid stage H, a rocket battery, contains five little 
rockets. 


Kazlmierz Sleraienowlcz occupies a distlnguisheo place in the history of roctet 
tecljTOlogy. He was made a Polish Gaieral of Artillery by the King Wiadystew IV, and 
served during the first half of the 17th century. He wrote the well knowi and outstanding 
book Artis Magnae Artileriae . . . , published in Amsterdan in 1650,^ and translated 
later Into nany Diropean languages. The chapter concerning rockets contains the sketches 
of a loiltlstep rocket, a rocket battery, the conic xxocket nozzles, and (telta-type roctet 
stabilizers^ (Figure 8); the multistage combined rocket Is shovm in Figure 9. It is 
not certain if these rocket ccvicepvions are those of Slemienowlcz. It is possible that 
all these conceptions are earlier than those of Siemlenowicz, Dell' Aqua, Schmidlap, 
Btrlngucclo or Haas.^ Similar rocket conceptlcxis were advanced, independently it seems, 
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cy dirrerent authors before and after SianierKjwlcz. In any event, his book was tte tqp 
achlevanent In the history of the rocket sciences up to the ^9th century, namely, to 
the time of publication of Britain’s William Cor^ve. As far as tte priority of the 
rocket constructlcai ideas is concerned, it Is probable that a link tetwe«i tte authors 
mentior^ above arei other inknovm authors may have existed, e.g. , an earlier author. 

Besides the Irgenious Polish rocket pioneers of the l?th century, we shotM - 
mention also an excellent forerunner of aljcplane deslpjiers: IlLtus Uvius Borattinl (or 
Boratyni, 1617-1682 v#k> vas born in Italy. He came to Poland in l6ki and appeared 
on the King’s court from 1650. Apart fro«i his state activity (as tenant of the 



mint), he also asndiucted research work to sciarice and technology j he invented a new 
halame, proposed % na« arKl general systera of units in time, length ard weliiit, ard con- 
structed n»del8 of heavier-than adr flying ships (Figure 10) . His invention separated 
two different functions in the flying apparatus: lift ibrce (now supplied by the wing) 
and thrust force (now supplied by the prqpeller or the Jet er^ne). Ihe frame of the 
vdn^ was built of bones and covered viith textiles, itaan muscle provided the power. 

Rockets used in fireworks and for military purposes were described by 
W. %strzanowaki, 17^9.^ Later, Captain Joisef Bam, in 1820, provided many technological 
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descriptims of how to prepare raw imterials, mcMms ar«3 apparatus to produce the 



fflilitary roctets. He also sanmarlzed the results of field experlnwnts carried cmt 

with rocket v«apom. Bern ^ve an account of the bontardtent of OdaAk in 1813 br the 
Br^ish fleet using fire rockets. 

last years op the 191H OENTURY THTO3H 
WOFSD WAR II 

Frm 1895 to 1903 a yojng man M. Wblfte (1883-1947), later a professor of posies 
In the fefersaw Tteclmical tJniv«PF'<ty (Figure 11), dealt (in Vferszawa) 1th the problem of 
coomunicaticais with other planets. In his first woric, Flanetostat , he proposed two 
possible ways of achieving coamlc fllgirt:. One used a reactlars space ship (planetostat). 

The forward motion of the space ship ms to be realizaed by the reactlcw of solid 
projectiles or ^tses leaving the nossles with ©reat velocity (Figure 12). TMs Is 
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Fig. 11 

probably the first written staternant of a Polish author m the application of the 

reactlm principle to coanlc flight. (We should mention In this context the name of 

K. E. Tslolkowsky [l857-193b] the founder of scientific astronautics, and a great 

Risslan and Soviet scientist of Polish-ftissian origin [his father was a Pole, his mother, 

a Russian w»idn]. Itelolkowsky confirmed this himself In a letter to the Polish astroncrier, 

Professor T. Banachlevd.cz), (Plgures 13, 1^). 

The idea of using charged particles (namely, electrons) .. the Jet mass in a 

12 

space rocket was formulated by A. P. Uliriski, probably for the first time in tne 
scientific literature (Figure 15). The s<xirce of electrai energy ms the- mergy radiated 
from the sun and ccsiverted In therraoelectrical teitteries to supply the voltme of about 
250 kV. Uliriski, a Pole living in Austria, studied rocket problems after 1913 while 
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serving in the Aus rlan sn^. Hie prir^ipl.is of x’ocket propulsioi md the problems 

space flight were also described by P. Burdeckl in what was prcj'bablj the f: 

Polish scimtifie-popular bcov “ioace flight. 

Now we shall consider seme technical and scientific papers jiubllstrd in tJ 

1 

20th century in PolaM. In 1931-32, W. Vorbrodt published sa*? pc^^ers on the ?nil: 

applications of rockets, on flight to the I'-foon, and out ol the Ehrth’s gravitaticna; 

field. Z. Krzy^T'tlucicl , between 193^-39, also published scr-^ theoretical papers on 

■millts’^* apfdlcatlons of rockets and the rocket propuln..on of .aircraft. Tbgether tc 

H. Stanklewicz and others, he pera'ort!»d some tests W4,th rocket engl;es, aljnlr 4 t, at si 

flight of a wlngsd rocket. G. ftokrzyckl (1935), In a popular t dlsa,.^**-ed the 

applicaticn of rockets to the purpose of e(»tmjnlcatlo.is or. Eartn ore., to space flight 

beyond the Earth, uf special Interest are the theoretical papers of T. Olpthskl, 

P. DeBjlanczuk arxi K. Zarankiewlez, dealing with the efficiency or propulsion, dyr.am; 

and th) mechanics of fllpjit, ballistics of rocket projectiles, h«S appl,loatlon.s cif 

If, 

rockets to space K. ZararMewlcz analysed the wrlJc.il flight of rockets 
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an W&th gravitational field. In vacuum, and in the afaaosphere, taklm the espirical 
fonaula fcr the relatiofi of atia>. -'ha?e to difffemit velocities. He calculated ' 
tljne necessary to miah the ps^jer pamfeollc velocity as a furaition of the accepted 
saodel of the atoos{ti»e, the shape of the »cket, tiK burnout velocity of the gases, 
and the variation of the roci^ts mass (Plgures 16, 17;. Ihe japer presaits the exaci 
mathematical solati<»» of 'the ppc^lm. 

In 193® OderfeM, Sachs, mi Bemadzlklailcz^^ set a model Jet pv^lslcai 
In »«atlai, %ste!satic work m the develcmmt of rockets was possible aft< 
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building a rocket test stand at the Warsaw Technical Uilversity, begun In 1938 under 

direction of T. Felsztyn together with A. Kbwalczewskl, Z. Paczkow^, D. Sknolenski, 

lA 

W. Stolarek and Z. Tilodziecki. The caitzdbutions of A. Sztemfeld, bom in Sieradz 

(1905), also nust be counted amoig the achievements in Polish space research. He studied 

at the Jaglellonlan Uhiversity in Cracow, and later in Nancy in Ftsnce. The main pxarts 

17 

of his well known book Introduction to Cosmonautics were written in Prance (1929-32) 
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and In Poland (1932-1933) • A. Sztemfeld moved to the Soviet Uhlan In 19^ »ihere he 

17 

continued his successful scientific wcaic In astronautics. fUs bcx^ tes published In 
an extended va*sian In the USSR in 1937* 

We should also pay a tribute to the Polish underground nxweraent during 
Wcarld War n that InfUnaed the Allies in Bigland about Gensan work on rocket development 
In Peenenunde on the Szczecin-Bay, and the V-2 rocket flying tests in Middle Poland. 
Che fired rocket Has recovered hy Polish partisans and sent without damage to Ehgland 
for careful scientific aad technol(%lcal Investigation. Some parts of the rocket ware 
also investigated In occiqpied Warsaw hy Polish scioitlsts and aaglneers. 

FROH I945 TO IHE PIffiSQir 

After World War II severEd countries pur..aed the develc^xnait of rocketry, and 
scientific and practical Educations wmre Etchleved In comifftioatlons, meteorology, 
military, and the exploration of the Solar System. Many Investigations were Edso per- 
formed In Poland. 

At the beginning we shall mention sane of the woriters and papers on rocket 

14 

technology. Propellants were Investigated by L. Heger, W. Boldanluk and S. Clborowskl; 
liquid propellants by S. Wojclckl; ballistic properties of solid prc^llants were Investi- 
gated by D. Skolenskl, M. Zentiraiskl, M. Ejybek, W. Kowalczyk, J. Dewerynlak, E. Woailak, 
M. Parulska, J. Grzegorzewski and J. Jorczak. Hierracxiynamlcs and rocket Internal 
beilllstics were the subjects of the work of Z. Paczkowski (In a monograph Rocket Flight 
Mechanics) , D. fturchel, P. Wolnlca and R. Odollnski; stability of the fllf^it of rockets 
with stEdbllizers Z. Faczlrowskl and L. Wasilewi^; measurements In rocket technique, 

K. KowEdewsld, J. Pakleza, W. Styburskl and M. Zentorzuskl ; rocket guidance, S. Slawlnski, 
R. Etnowskl, A. Lizon, K. Holejko, E. Olearczuk, Z. Katlinski and S. Faszkowski; some 
military rocket applications were developed by S. Wojciechowskl, A. Arcluch, 

W. Kozakiewicz, J. Wi^iewski, S. Zukowskl, Z. Paczkowski, S. Faszkowski, T, Burakowski, 

14 

A. Sala, S. Homung et elL. 

In the Rocket and Satellite Research Department of the Polish Rydrologlr''''- 
Meteorologlcal Institute (; Itl'l), measurements are conducted on the direction and velocity 
of the wind at different hei^tts, and the teirperature of the troposphere and strato- 
sphere. Pictures are received of cloud fields transmitted by meteorological satellites 
as well as pictures in the irdVared part of the spectrum. Atmosphere sounding is per- 
formed with the meteorological rockets "Metecr-l, 2, and 3-" lUese investigations were 

14 

begun by J. Walczewskl, G. Pawlak and J. Kibinskl. 0. Wolczek and M. Subotowicz have 
worked on the theory of the nuclear, ion, and plasna rocket engines. M. Bleleckl, 

W. Dudails, R. Janlczek, Z. Kotllriskl, B. Kbmer, K. ffekowski, E. Olearczuk, 
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Z. I^zkowskl, M. Subotowlcz, K. Zaranklewlcz, W. Zakowskl, et. al* lave concentrated on 
the theory of the rocket fli{^t. In nany papers, M. Subotowlcz Investigated the theories 
nf classic and relativistic imCtlstep rockets. He also gena^allzed the well>knoMn 
fbnaula of Ackeret, of the velocity of the one step relativistic rocket on the case of 
the Dultlstep relativistic rocket. Different rocket parameters, and the gmieral 
characteristics of the rockets and spaceships, ware investigated In the papers of 
M. Subotowlcz, R. Szynanski, R. Vogt and S. Wojclckl. 

Ihe pqpiularlzatlon of rocket and astronautlcal problems has been per f ormed by 
E. Blalobor^, K. Borun, Z. Brodzkl, J. Gadomskl, V. Gelsler, A. Maidcs, J. Salabun, 

M. Subotowlcz, 0. Uolczek, K. Zaranklewicz, et al. Ihe following people are dealing 
with the history of rocket and ^ace research In Poland: U. Gelsler, E. Olszewski, 

T. I^rzypkowski, T. Nowak, M. Subotowlcz, J. Ihor, et. al. 

Ihe possibility of using new rocket techniques for space research stimulated 
Polish scientists. At the beginning, this wozdc tias concoitrated In the Astronautlcal 

Departmmit of the Polish Academy of Sciences (PAN), directed by K. Zaranklewicz (1955-59). 

1 8 

In i960 the monograph of M. Subotowlcz Astronautics vas published, coveidr^ progress 
In astronautics up to I960. In 1964 the Conmlttee of the Hesearch and Peaceful Use of 
the Space was established In PAN; rocket and satellite Investigations of the Sun were 
realized under J. Mergentaler, and of the Interaction of primary cosmic rays with matter 
under M. Mlesowicz. Also, a regular service vas organized to observe artificial 
satellites of the Earth. 

19 

Ihe investi^tions of J. Gadomskl oti the ecospheres of the stars at distances 
of about several 11^ years around the Svm has become widely known. Ihe ecorohere 
around a particular star means the "life zcxie," idiere the thermal conditions exist near 
the planets, enabling macro-molecules to develc^ of essential biological Importance 
In the development of living organisms. It follows from the analysis of J. Godcmski 
that at a radius of about 17 ll#it yrars around the Sun there exist 14 stars of solar 
spectral class that possess eco^heres. But there are only three stars of astronautlcal 
interest . 

20 

<)n Interesting project was suggested by 0. Vtolczek to Investigate the 
cosmologic processes In space by exploding hydrogen bombs beyond the Earth’s atmosphere. 
Different problems of space physics were Investigiated in the papers of W. Piszdon and 
J. Jatczak (cosmic ray physics), K. Kordylewski (the matter of the llbration points of 
the Earth-Moon system), and A. Januszajtls, M. Lunc, A. ffarks, M. Subotowlcz, 0. Vfolczek, 
and J. WalczewskL. Some suggestlwis concerning the possible vertflcation of the general 
theory of relativity using astronautical methods were presented by M. Subotowicz. Ihls 
same author presented some prcpjoseils to detect antinatter in a Moc»i laboratory. 
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^ references concerning all the papK^ mentioned in this section nay be 
found eithn* partly in reference 14, or in the scientific and popular astronautical 
Journals published in Poland: Ttecbnlka RakietowB ( 1957 - 63 ) » Postepy Astronautyki (f)?on 
1967 )> Ttechnlka Lotnlcza i Astronautycaia , Biuletyn Infamacyjny of the Polish Astro- 
nautical Society ( 1956 - 57 ) » and Astronautyka (from 1958 ). Ue have not considered here 
the papers on space medicine directed by Kaulbersz, Bilskla J. VblaNski, S. Baranskl, 

Z. Jethcn» Z. Kaleta, or papers on space law directed by M. lachs, J. rfeichmskl, 

J. Sztucki and othm?s. All these papers should be referred to separately. 

In Poland, the Polskie Ttowarzystwo Astronautyczne (Polish Astronautical 
Society), fouided on December 30 , 195 ^, and Kcxnltet d/s Badan 1 Pctojowego If^korzystanla 
Przestrzenl KosmlcaieJ PolskleJ Akadmnll Nauk (Connlttee on Space Research and Its 
Peaceful Use of the Polish Academy of Sciences) , deal with problems concerning scientific 
and pqpular wortc in astronautlces. Ihe Polish Astixnautlcal Society (FTA) has about 
800 me mb ers and publishes the scientific quarterly Postepy Astronautyki . and the 
scientific-pcpular bimonthly Astronautyka. Every two years I*I!A organizes Scientific 
Conferences on the Rocket 'technique and Astronautics, and represents Poland during the 
mtemational Astronautical Federation (lAF) Cong^^sses and in the Conmisslons of the 
lAF and the International Academy of Astronautics in Paris. FTA also ^xxisors the 
scientific research in astronautics and pq;xilarizes astronautical achievements. In 1976 
the Polish Academy of Sciences established tlje research in close cooperation with the 
socialist countries program "Intercosmos,” includii^ manned and urmamed flights around 
the Earth, and to the Moon and planets. 
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THE U.S. APWY AIR CORPS JET FfTOPULSIOJ RESEARCH PROJECT, 

GALCIT PROJECT No. 1, 1939-19^6: A M01OIR^ 

P. J. Mallna (USA)'‘^ 

I. iMracoucnoN 

This memoir Is a sequel to the one I wrote on the GALCIT (Guggaiheim Aeronau- 
tical Laboratory, California Institute of Technology) Rocket Research Project 1936-38, for 
the First International Synposium on the Plistory of Astronautics, organized by the 
Internet icml Acadeny of Astronautics at Belgrade on 25-26 September, 1967*^ As I pointed 
out then, I fully recognize the fallibility of menxary and the unavoldadDle injection of 
personal evaluations and Judgements* 

Whereas few written records for the period 1936-38 of rocket reseajxh at the 
California Institute of Technolc^ (Caltech) remain, during tte period 1939*^6, numeTOUs 
fonnal reports were prepared under contracts to agencies of the U.S* govemnent, and are 
available to anyone interested. On the other hand, during the latter period our research 
work became secret, so that there are not many personal records of an intimate kind to 
turn to for aspects of developments that frequenbly are more Interesting than cold, formal 
reports. It is a misfortune that minutes of the weekly research conferences held between 
1939 and i^iril 19^^ are no Icxiger to be found in the archives of the Jet Propulsion Laboiv 
atoiy (JPL).^ Secret classiflcatlcn of research also prcMbited the free publication of 
results between 19^0 and 19^6. For this reason, some of these results are still not as 
well known as the more hl^ly piPllcized activities of other groips during this period in 
the USA and in other countries, especially in Nazi Germany. Ihls situation was aggravated 


^Presented at Ihird History Symposiun of the International Acadoriy of Astronau- 
tics, Mar del Plata, Argentina, October 1969. 

"*^Co-Founder and Director (1944-19^6) of the Jet Propulsion Laboratory, Cal' bmia 
Institute of Technology. Trustee-Past President, International Academy of Astronautics. 

'*^Althou^ the designation JPL was used for the firet time in 1944, the work of 
JPL is coisldered to include rocket research at Caltech initiated by the Galclt Rocket 
Research Group frcm 1936 onwards. * 

1 ^ 

fA8lW€NVI0NAU.Y BL.:K 
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by the fact that several key persons who led the research at JPL dispersed after the aid 
of the Second Vfarld War. Suninarles of various aspects of this work, some published, can 
be found In Refereices 2 to 10. 

In S^tenber 1939, Nazi Gtemany Invaded Poland and World Vfar II began. Ihis 
had a direct Inpact upon the rocket research plans of the GALCIT Rocket Research Group. 
Vfcrk toward our dreams of deslgiing rockets for scientific research at hl#i altitudes and 
for space fUgi-it had to be deferred for several years. Vfe had anticipated the outbreak 
of war in Europe some time before it began, and our tlrau^ts tuined towards the use of 
rocket propulsion as an auxiliary to the propellej>piston engine poifer plsiits then in 
general use for ali*craft. We had been authoritatively told by a sailor officer of the 
U.S. Amy Ordnance D^iartment that there was little possibility of supplying rocket pro- 

4 

pulsion in military missiles. 

Inter-ser^ce rivalry over rockets would ^ipear several years later. As late as 
194i», the Amy Air Corps, by then called the Amy Air Forces, readily allowed the Jet 
Propulsion Laboratory to undertake America's first research program on Icxig range rocket 
missiles for the Anty Ordnance Departmoit. At the time, Amy Air Forces foresaw little 
possibility of such missiles replacing nany functions of bomber aircrjift in warfare. It 
is surprising that Allied military intelligence had no inkling of the advanced state of 
military rocket developnoit in Germany until 19^3. 

8 Q 

Whoi Goieral Heray H. Arnold, Chief of the Amy Air Corps, visited Caltech ’ ^ 
in May 1938. Iheodore von Kamsoi (1881-I963) (Figure 1) first learned that interest was 
developing in the use of rocket propulsion for* military aircraft. I prepared a report in 
August for the Consolidated Aircraft Conpary (now called General Dyriamics/Ccaivalr) at San 
Dl^so, California, on the possibility of using rocket propulsion for assisting the take- 
off of large aircraft, especially flying boats^^ (Figure 2). In early Decotber, after 
giving a talk entitled ’T'lacts and Fancies of Rockets'* at a Cadtech lunchecxi of the Society 
of tire Slgna XI, I was infonned by vc«i Robert A. Millikan (1668-1953) > and Max M. 

Masai, that I was to go to Washington, D.C., to give expert Informaticxi on rocket propul- 
sion to the Natiaial Acadeny of Sciences Conmlttee on Amy Air Corps Research. Mason was 
chalman and R. A. Millikan and von Ksman were maitiers of the Comnlttee. 

General Arnold had asked the Acadeny for advice on a nunber of subjects, one of 
which was the possible use of rockets for the assisted take-off of heavily loaded aircraft. 
Sane feared that sufficiently long rtinways would be unavailable in combat areas. (Later, 
others feared that the new jet engines would have lew power on take-off and would require 
very long rurways.) Actually, the bulldozer solved the problem on land, making long run- 
ways practical. Rocket-assisted take-off of aircraft on aircraft carriers, hewever, soon 
assuned importance to the U.S. Navy. 

I prepared a study entitled "Report on Jet Propulsion for the National Acadeny 
of Sciences Conmlttee on Air Corps Research," »Mch contained the following parts; 
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Fl§. 1 

T^ieodore von Karman in 1939 (circa) 

(1) Fundamental concepts, (2) classification of types of Jet propulsors, (3) possible 
appllcaticns of Jet propulsion in connection with heavier-tban-alr craft, (4) present 
state of development of Jet propulsion, and (5) a pixiposed researcfi program for develop- 
lr,g Jet propulsion. Itie word "rocket” was st..a.l in such bad repute in "seriois" scien- 
tific circles in the USA at this time that von Ksuro^ and I felt it advisable to follow 

the precedent of the Air Corps by drcpplng the use of the word. It did not return to our 

vocabulary until several years later, when the word "Jet” had become part of the name of 

our laboratory (JPL), and of the Aerojet General. Comoration. 

I presented my report to ttie ^^ational Acadenv’s Comrlttee or. Decanber 28, 1938, 
and shortly thereafter the Acadany accepted von Kanmn’s proposal for a study by our 
GALCIT research group of the problem of the assisted take-off of aircradl; as well as the 
preparation of a detailed plan for an extensive research program. Ihe Academy provided a 
sun of $1,000 for this study, which was to be coirpleted in about six months. Incidentally, 
when Caltech obtained this first government grant for rocket research, Jerome J. Hunsaker 
of tte ffessachusetts Institute of TechnoloQr agreed to study for the Air Corps the de- 
icing problem of windshields, then a seriou-. aircraft problem, ar.J told von "You 

A 

can have tl« Buck Roger's Job."'^ 
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I returned trcm IteMtlagtcti with the nms that aur eff«i;s during ttie previous three years 
mre to be rewarded by financial sifsport frotn the govertssri* a»S ttiat wm Kmmm would 
ttevote more of his time to the wm^. te could even e^ct to be paid for doing rocket 
research. Parsons * Pbiron ard I were the only inenters of tte original GffljC'T research 
grc«4> at this ttoe still carrying on at Galteci.. Me proceeded to collect r >re Infortm- 
tlm m rockets for assisting the taJ®-off of alreraft» and to acctaiilate experinental 
data cm rocket notor performance with solid pK^llant rockets ard with the ^eous pro- 
pellant engines In a test stand we had cots trusted the previous year. 

In 1939, as part of his survey of aircraft develqpmnt for tl« Anrf Mr 
Ccrpst dwlfis A. LSiAerg cane to Caltech after visiting Robert H. Goddard, at his Itew 
Ifexico research station. Since von K^tnai was away on one of his rather ft«quent trips, 
Clark B. Millikai (1903-1966) briefed Lindberg m seronautical research at OALCIf, arri I 
told Mm about our stialles of the p<»slble use of rocket prcf>utoion for aircraft. Ife said 



F1& J 

Jolin W. Parsons In 1940 


nothing about his visit vdth Goddard* It io odd tiat none of tte services > to 

f?3y knowledge, ever requested JPL to send copies of reports; to Goddard, although we tVMi a 
considerable irdividuals and orranlsatlom:; * S;imilar'Xy, »one of Goddard's 

reports to governmental aar^encies were ever received at JPL* 

About tld.s time I le^irrued trat Euren San^^sr carrying on rocket research in 

4 ■ 

Germany in reply to a letter I ImX sent him in Vienna* But Information oii rocket 
resear»cn in Nasi Germar\v began iu the early 1930 was unavallat»le to the Project 
until Novenber when we irceivcxl British lnt#,;dilg€?nce reports on U^y V-2 missile work 

at Feenemunde, Ko Infomatlon on rocket research in the USSR v/as avalM>le i-irini;: the 
period of this mymir, in Septent-er 1944, I went to Er¥"JLa/id on u mission for the 

Oninance I)^?partment v;herc? I obtalm^d detailed information m British recket researcl'u 1 
obtained frrtlier Infonnatlon durirg a s'-cond mission in t!ie autuMi of Sofne reports 

had teen receive! by the pntject on British v/ork beginning, in 1940, aiid sev^'-ral British 
researchers vlrdted i\r during Vie foll<:rwUv: year’s* 


Irene 3I"Inger‘-Bredt, llm Sllv^'r B1i\i ftory thi^ l)(yveh>rmml of 

the Aemipace lYrmsporter *u Ud,’ vc.durg - hA* 
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The studies and e^^erlnents m carried out In the spring of 1939 nede us sviffi- 
olently confident of the possibility jf develqpli^ both s'^Ud and liquid propellent rocket 
enrdnes to the extent that we prepared a proposal to ^ National Academy for a $100tO(X) 
progran of reueareh and facilities conetmctlon for the fiscal year 1939-40 « beginning on 
July 1, 1939> Von Kunm took the proposal to Washington only to find that our c^tlndsm 
was not shared either by the National Acadeiy or by the Air Corpa. In his autobiography » 
von Kmnn& recounts that ^diile discussing the propoeal with ^laJor Benjamin Oiidlaw (later 
Coninandlng Qeneral of the Air Matarlal Comoand) he was asked **do you hcxiestiy believe 
that the Air Coxps should Expand as nuch as $10,000 for such a thing as rockets?" This 
amount turned out to be the maxliiiua that could be obtained. It meant that our experimen- 
tal wo(rtc would have to be done either on Idle cjipus of Caltech, «d)ere our presence was 
not very popular, or with teoporary portable setips l.i the Arroyo Seco river Led abo\'c 
Devil's Qate Dam on the westoni edge of Pasadena. 

The contract, i^nnsof A t't the National Academy of Sciences, came into force 
cn 1 July 1939, bringing inb' being the Army Air Coips Jet Propuislcn Research Project. 

(A year later the anny Air Corps took over direct sp-»isOTshlp of the Project.) Uhder :ts 
terms, studies we''.- to br made of a number of basic problems connected with the develop- 
ment of i-ocket engines for application to the "super^'erformance" of aircraft. The term 
"supeivperfonnance" was defined to liKslude: (a) shortening of the time and distance 

l^equl^ed to takeoff, (b) tenporaiy Increase of rate of climb, and (c) t«iporary 
or level fll^t speed. The contract also wisely authord.!!ed work to be done on both liquid- 
and sollc'. -ppqpellant rocket engines. 

Von Karm&, thai 58 years of age, became actively coiiinltted to the development 
of rocket prcpulslai by assuning direction of the Project. Parsons, Pormar, and nyself 
as chief miglneer, farmed the ruicleus of the staff. He brou^t to our work his vast 
experience of utilizing maldiematlcs and fundamental physical principles for t)% soxutlon 
of difficult CTiglneeilng problems, and a rare skill in negotiation and organisation. 

Parsons was then 25; FoirmEui and I were 27. While von Karm& was away, I chose the 
designation OALCIT Project No. 1 for the Air Corps research. When he I'etumcu he sur- 
prised me by fpc*inlng at the designation. He said I evidently did not krKjw vftiat House 
No. 1 meant in China. At the Air Material Coninand, Wright Field, Dayton, ado, the Pro- 
ject was known by the designation Aircraft Laboratr'ry Project MX 121. 

We carried out the e:q5erimental woilt partly on the campus of Caltech and partly 

in the Arroyo Seco above Devil's Gate Dam in Pasadena during the first year of the Pro- 

ject. In 1940, six acres on the western bank of the Arroyo Seco were leased fTcm the 
Water Department of the City of Pasadena for the duration of World War Approxlmat >ly 
40 act«8 had been leased from the City by 1946 and this area Is still a part of the tx'r ct 

on which the Jet Propulsion Labcr'Htor^' is located. Most of ttie tantraraiy structures f jr 

offices arv^ testing have dlsap, «»red, since then replaced by permaner.*-. installations. 
Residents near the Project put up with the noise o.'' r' cket testing iht end of the 
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mr in 19^6 tat, i»isy e3^»rla«rjts siiifted to other .in^tailations, for 

exajjple, in the Mqjave (tesert. Facilities of the Project In 19^1, in 19^5, arKi in 1969 
are sham in Pigia^s I (a) and (b), 5 and 6. 



Pig. ^ (a) 

Sketch in 19^0 of Layout of First ProJ^t 
F^ilitles to be Constiwted at the 
fizvoyo Seco, Pasadena Site 

Ihe Project benefited greatly frort the use of special Caltech laboratory equlp- 
laent, ar»3 for advics from: iwters of the faculty and staff. For exaarle, Ala»tor Hollaaier, 
Linus A. Pauling, and Fritz Swlcky were fl-equently ccsnsulted. A a-jerdstry Orcsip under the 
direction of Bruce H. Sage begsn wrking m cheraical proble«B of pjrejpellajsts for the pro- 
^ect in lfA2. Also, several Caltech staff B.a!*ers served m senior research ^rglneers for 
the Project on a part-time basis, ihe f^*t ttet Swieky b^iame mm of mir consultansts in 
19«C had Ironic overtaies. While woritir^ on tl% trieory of rocket propulsion for m doc- 
toral tiresis ir. 193?,^^ 1 manticred to him some difficulties 1 was having in ny study. 

He exploded with the opLnlcr. that I wa.> wasting «iy time <m m lspx«isible ssaject. Par, he 
said, I mst reallt, Umt a rocket could not operate in fjpace as it required the atmos- 
ph»e to push aip.in.st to proidde thrust! I# I?40 realized that he wa.r ndotaken. 

It Is not possible in this mamjir to mention tte many dented meai aol warr‘n rtio 
carried cut rocket research, assisted in the comtnj&tlm arvi testin'* of experimental 
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iJwices, £tesls» and telped ritti She ^rteistmtioft of tl». Rrojeet. 

E. S. Rjnsaj'i aid E. 1* Pierce, &»., wre is^, |«sa'S In the first p}«se of tte ImtaHa- 
tim <£ biilMlf'^ aid. fa::llltles, Pla*ce, it*5 ms lowd by all, «s ateislstimfciw 
Mimtay during the ^rlM eoversd by tMg It «s !*.< e^y mtter, in tte sldst of 

fe'M te' II, to assaSsie a qialliled staff timt p«* in mi*er mch year. cXitainlng 
scare* mterlals »1 eqpl|»at «as a ccwstant, fV«sfcmt,liig trial. A gro# of 

the Ptnleet perswsiel in 19^5 is shom In Flairs ?. 


Oag«;teristles a»i ^fbragroe Paraiaeters of a R«agt tetor 


1. S. I began ttieciretleal stistles of the cfi»m:teristiC5 of m i^al, 

roctet !»v«* coreistlni; of a cimfcer of fixed vol«w. and an exfmust »z«le in 1936 • Ibe 

pi|pippiililiiip:ii|iiiiBp|siPiiii::ipp:iiiP::iiilsip|iPP|ii^^ 


ilii^ 






Fig- 5 

Lajwat of the fttclllties of the Jet Prcpulsicar* 
lAtemfeory, GffiCIT in J>jr« 1945 

exit angle of the ejdmust nozzle and tte ^seciflc h^t ratio of the exhaust gps (Figure 8 ). 

A tarn of this dla^^ is new used for deterudnln. the ideal thrast coefficient , C^, of a 

rocket nsotor. Ihe effect of the ar^e of divergence of the exfaust nozzle on thrust i«ter 

Meal ccndifciwis ms calculated by tsim. 

Experlaental studies of tl« characteristics of a rocket notcr were carried exit, 

beginning in 1938, by Parsons, Pcaxtian arxl ^self with tfie gaseous prqsellants, oxya^ and 
1 

ethylene. Data first obtained with oxygen alone to check the test stayrei tastalla,- 
tion and to caspare results with those reported by Baitocci in ferch 1938. Ttese were 
followed by data <*ptaii»l with the coEabustlcn of oxy^n and Itelng cne of 

tte first series of tests with tiiis comblimtlan, in Itoch 1939 , tte oxygm line exploded, 
scatterlr^ j^rts of tte ^^jaratus over a large area. Though shaken, Parsens and Ponnan, 
'dKJ w;re conducting tfie test, were unhurt, A piece of tte Bourdon tube of c»w esf tM 
pressure &U 0 SS burled itself In a wooden beam aboit Wnera try heal wcuid lave been if 
van t«d not called iw way earlier, 

fertin SiSt'jmerfleld jolrad the Project In July 19^0 and corjtlmed tliese sttsller 
with an is|>rwed test Ire^tallatim (Figure 9). In particular, he deteniu.rw»l tt« value of 




Pig. 6 

ilerlai Ylm of the Jet Propulsiom Labomtory 
in 1965 


the ttmet coeffielait u'-rier «al caraiitiarB, as It sies effected toy the ar«le of diver”- 

P 

gense of the exhaist oozsle, s.id he fmmd tMt thrust sug^mttcrs gaw little pronilse frwi 
a practical pol/it of lie also investigated ttie significance of the ratio of the 

soiijusticm clnatser ¥oiuti« to jiozzle threat a«a, L*, pitioosed toy Silver for deteralft- 
ing tte r«iuljred prcfjeiiant . In a cmfoustlm chaaber. It Is ocwnected with 

c 

chaidcal kinetics ard affecte caairdlm efficiency. 

Atille catductlng experlaents i*lth liquid pR:f»llants In 19^1, Malter B. P»rell, 
followlf® a dl,scussicn with fc* M. Mils, introduced a iajeful paramter called tte 
charac teristic velocity, c*, i#tlch Is defined so as, to give ttie effective velocity , 

c, as a prorluct of the ejgjeriaental coefficl««ts, M) c*. fie diaractoriLstlc velocity 
is detemliwd mly hy fm prqr«rtles of the pr«:^llant and the nossle tnnsat area. U«s^ 
it Is iMeperdent of exit ccwlltlsns and nay t» considered a.^ tte f>arai»ter indlcatlr^ the 
efficacy of tte ccMsistiori pKtcess.^‘5 At atot this time anotlter 'useful paa'^seter, 
called the gfXfClflc inp-iise, I,..,,, caiw into lise. It l.s ordinarily expressed in pouwfe 
thrust per p^3»,«;i of propellant ccreiijned per secowl. 
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seconds. M far as was kre«n, m black porter or suxjkeless fxswer rocbet ted ewer been 
ccmtmcted to meet these speclficatiais of thmst arxl duration. Esqperts m consulted 
we verjf dublcws about the possibillt;^ of dolr^, so. Preliminary e:^riB»nts m<te by 
ParsoTS aM Fcnwn with pressed solM pre^llant chari^>s restricted to bum ci^irette- 
fashim apf»ared to sifport this wlew.^^ It was gens^nlly bellevel ttet the «a*usti«i 
chasnber pressure of a restricted burning solid rocket unit would coifcim» to rise frcra tl» 
fsmwrit of igalticn mtll ar^r coitiustion cliaitoer of rea^scmai^le wel#A would burst. In 
other wards, It ms thcw#it that such catifcustlai ms Iriierently unstable. Von in 

the spring of 19^0, after listening both to the orlMeais of tte experts and to the ejqplo- 
sions of Parsm's rcKkets, me evening at his ticrae wrote down four differential equatlc«s 
describing the apemtim of m Meal restricted burning inotor, and ask«! me to solve ttea 
(Figure 10). Much tc our relief we found that, t}»oretlcally , restricted burning mlt 
world mlntadn a cmstmt cfmtxr presstare ax-r Imti. as tte ratio of the area of tte Inroat 
of the exteust nozzle to the burnliig area of the propel.lant ch'trge? mrarlnaJ (xmctant, 





Fig. 8 

tfeilversal tDsust DlagrsB (cf. Ref. 14) 

that is, the process Is stable.^^*^^ Experimental wartflcation of the theoty »ias soon 
obtained. (Cf. Section m}. (It has been shown that the theory is correct provided the 
chfiober firequen<y is low [ttmt is is laree]). 

Cooling of Rocket Motors 

A rodcet mr* r operates mder more severe conditions of hi^ teiy)erature and of 
continuous rate of heat release than any oUier heat engine utilizing cheodcal conbustion. 
Far these reasons, problems of heat transfer are among the most acute and Important In 
rocket motor design. Roctet engines for the assisted take-off of aircraft require motors 
to operate for a period of up to around 30 seconds. Ihsts nade by various experi- 

menters in the 1930s ^Kwed that for such a duration is was not necessazy to cool the 

of the conbustion chairtmr and exhaust nozzle. Ir an uncooled motor, themed equi- 
UbrliBi in the materials of constructloj is not reached during the safe period of opera- 
tion; if it were to be reached, the motor w old become a molt«i mass. Work carried out 
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Fig. 9 

ffertin SujiiierfieM arid Bds«rd 0. Crofut in 
P^?ont of Oas Prtfjellant Bocket 
Ifest Stand in 19^1 


liquid ptxspell^t motcrs is discussed in Sections I¥ arxl ¥ belcw. "Tte uncooled liquid 
prqpellanrt; motop of 1999 IJs. ttmist used in the A~2Qk fU#st tests in 19^2 rad a safe 
qperatir^ pariod of 75 seecrsfc, but It weigtel ^9 Ibs.^®*^^ 

fMEPforaiartte, la^ duratlorj rocket motors require the use of refractory 
Mnars or coolir^ of tte trails in tte case of liquid pix^llant mote®*? by all a* part of 
the prcijellEuits. In the 1930s, researchers dsnemtrated the fessiblllty of ecMstructir® 
regeneratively cooled motors in which the coolant liquid absort&s heat sas it circulates 
aramd the motor in etets and Is then injected into the ccefeustlm ohanber. Extensive 

^ ' 

stMles of r^eneratlveli' ct»led motorc nere tegun In 19^2 by ajanerfleld bM Seifert.'^** 
Mten tt«y began these studies, practically no Infmmtiai ma amllable on tte variety 
aspects of regaieratlve cooling tiat would pemlt the design of a motor to mecjt the Mr 
Cerps performance speclflcatioB fc«* various ^jplicatiarc. Ti^re mire. In fact, doubts 
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Pig. 10 

Pour Differential Equations lhat Describe the 
C^eration of an Ideal Solid 
Prc¥)ellant Rocket Motor 

cast on the prlzxjlple of regenerative cooling for motors operating at hlg^.er values of 
specific iJipulse because it appeared to be a "boot-strap" process. But theoretical and 

Q 

expeidmental studies showed that the principle was sound and data were accunulated to 
permit the desl^ of such motors. 

Search for Materials 

Ihe high gas tenperatures and velocities encountered in rocket motors and the 
unusual characteristics of chemicals used as liquid propellants posed special problems 
whose solution could not be found In other donalns of heat>engine technology. Systematic 
studies of materials were begun by the Project In 19^2, Including the properties of steel, 
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aluidnun and nagnesiun alleys, ceranlcs and naterlals produced by means of pewder metal- 
lurgy. It Is comforting to note that hueans, in cooperation with nature, provided the 
materials required by the designoa of various types of rocket engines. The trials and 
tribulations of those that searcdied for materials arc evidoit in the early reports by 
N. Kaplan and R. J. Andrus and by in the morthly reports and in the confer- 

oq oil 

ence minutes of the Project. •'* 

III. ROCKET PROPEmmS 


Liquid Prqpellants 

When the development of a liquid propellant rocket unit for use aboaixl aircraft 
was discussed with the Air Corps, we decided that the project should attenpt to use 
aviation gasoline as a fuel and something besides liquid oxygen (LOX) as an oxidizer. 
Liquid oxygen, the ideal oxidizer from a rocket performance point of view, had been used 
by Goddard, menbers of the American Rocket Society, and others. However, the problems of 
producing, transporting and storing LOX in 1939 (ca* at any time, as far as the military 
services were corwerned) were ccxisidered so formidable that it should be avoided. In 
today’s idiom, the Air Corps wanted rocket engines that utilized "storable propellants." 

Parsons, in his report of June 1937, suggested, among other storable oxidlzere, 
a mixture of nitric acid and nitrogen p«itoxyde. In 1939, he recomnended the choice of 
red f\inlng nitric acid, a solution of nitric acid and nitrogen dioxyde, hereafter called 
RFNA. Ihis oxidizer has poisonous properties and is very corrosive, requiring the use of 
stainless steel or aluminum to contain it. Nevertheless,^ it was more acceptable to the 
Air Corps than LOX. Just before Christmas, 1939, tests in an open crucible showed that 
RmA would bum with gasoline and benzaie. As pointed out in Section V, Sumtnerfleld and 
Powell subsequently found In testing actual rocket motors that RFNA and gasoline led to 
unstable combustion. The resulting pulses in some cases became so great that the corbus- 
tl(»i chanber ejqsloded. Hie phenomenon of "throbbing" has not been completely cured to 
the present day. 

A Chemistry Grotp, directed by Sage, was set up at Caltech at the beginning of 
1941 to investigate the RFNA-gasoline reaction and the properties of other possible liquid 
propellants. We began to dream of the advantages of a fuel that would be spontaneously 
igiitible with RTNA. It would dlsperise with the need of an Igiition system and ml#it bum 
more satisfactorily with the oxidize].-. In early February 1942, I visited the rocket 
research greap at the Naval Engineering Experiment Station at Annapolis, Maryland, direc- 
ted b^ an old friend, Lt. Robert C. Traux. While discussing the proolem of RFNA-gasollne 
combustion with Ensigji Ray C. Stiff, the chemical engineer of the group, I learned tiiat he 
had found in the chemistry literature a reference to the property of aniline to ignite 
spontaneously with nitric acid, ffe wondered if it would be of any help o add aniline to 
gasoline. 
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During the ovemlf^t train trip ftm Araiapolls to Dayton, Ohio, it occurred to 
me that we should try r^laclng gasoline entirely with aniline as a fUel. This would cooh 
pli^ate Air Corps logistic problems, but It seemed It nd^t be the necessary price to pay 
for an et^Xne t^t would not explode unpredlctably. Itxxi arriving in Daytm, I sent a 
telegram to Sunnerfield asking him to try the Idea. When 1 returned to Pasadena a few 
days lat^, he greeted me with exultation. We had a reliable, storable, liquid propellant 
rocket miginet 

Parsons and I filed a patent on 8 May 19^3 for a reaction motor c%)erable by 
liquid pregnants and the method of operating It — a motor using spontaneously igiltable 

pc 

propellants. Lcng after the war, I learned that Lutz and his collaborators in Germany 
had stunbled on what they ceilled hyp^^llc propellants at about the same time. It is 
Interesting to note that our patait included, among other suggestions, the use of hydra* 
zine as a fuel with nitrogen dioxide. Ihls is the basic combination used in the o’^ines 
ccnstructed by the Aerojet General Corporation for the Apollo Service Module, aid by the 
Bell Aircraft CcaTporation for the Apollo Lunar Excursion Module, which so far have per- 
foraed without fall In the flints of men to the Moon. The project initiated research on 
hydrazine and its conpounds In 1945* 

We encountered ccrislderable resistance from the military services to the accept- 
ance of the toxic aniline as a r^lacement for gasoline. Ihe Air Material Coraiand finally 
gave way idien it became evident that the A-20A fll^t tests, scheduled to start within two 
months, could not be made without ii.sk of catastrt^^ if gasoline was used as a fl»l. 

Ihe Navy Bureau of Aeronautics continued to resist the use of aniline by the Amapolls 
group for almost another year, when a violent e;q) 106 lon that wi*ecked their nitric acid- 
gasoline test stand made tl’^ accept it. 

After cciipleting the successful fU0it tests of the A-20A aircraft equipped with 
two uncooled 1000 lb. thrust, 25 seconds, RFNA-analine engines were corpleted (of. Sectlai 
VI), the project initiated detailed studies of the problems of prcpellant injection into 
the rocket motor, a secrch for other spontaneously ignltable propellant coohinatlcaTs—such 
as fUrfuryl alcohol anl nitric acid not ccaitalnlng nitrogen dioxide or "white acid" — arxi 
of methods of cooling laig-duration motors and of supplying propellants by means of gas 
pressure and of pumps (of. Section V). Work was initiated an the development of engines 
utilizing liquid ojygen in October 19^2.^^* Ihe outlook of the project on liquid 

propellants in 19^3 is described in Reference 28. 

In 19^4 studies of monopropellants, such as nitromethare and hydrogen peroxl(te, 
began. In 1937 Parsons already had listed tetranitromethane as a possible rocket pro- 
pellant. Ihe advantage of a monoprcpellant would be a such s. p''3r engine, since only one 
prcpellant tank, one purrp and cxk ccntrol valve would o<- refjulred. Althou^i nitromethane 
is comparatively easy to handle, it is sensitive tu temperaciire. has a tendency to explode 
under impact or shock, and Is difficult- to igilte and susfoin a i-eactlcn in a combustion 
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chamber. To the best of my knowledge, a satisfactory rocket engine utilizing nitro- 
methane has not been developed. 

Hydrogen peroxide, althou^ it has found a place in presaitday rocket technology, 
was regarded with fear and suspicion by the Project. This attitude arose when 60 pounds 
of in a stainless steel tank exploded in the surner of 19^4. The cause was not 
definitely determined; however, the sumner atrnospheric tenperature of about 100®F and the 
possibility of foreigi material in the tank were felt to have been contributing factors. 

Solid Propellants 


Althou^ there have been centuries of experience with black powder rockets, and 
several investigators used smokeless powker and Ballistite in rockets betweai about 1918 
and 1939, Txyne of these ix)ckets had the thrust and durati<ai required for the aircraft 
"superperformance” applicatiais. Pa^cxis and Fonnan in 1938 built and tested a anc^eless 
powder ccxistant-volume corrbusticxi fiotor similar to the one that had been used by Gkxidard.^ 
We concluded after these tests that the mechanical conpllcatims of constructing an engine 
using successive liipulses to obtain thrust durations of over 10 seconds was impractical. 
Upon Parscxis* reconmendation, we coicentrated our efforts on the development of a motor 
provided with a restricted bumln?: charge that would bum at one end only at con- 

stant pressure to provide a con*^’:' "i:: t hrust. 

Parsons started with :raditional sky rocket. This type of pyrotechnic 
device was propelled by a blacK powder charge pressed into a cardboaixi combustion chamber 
with a conical hole in its center. The gases escaped throu^ a rounded clay orifice. Its 
efficlaicy was very, very low, but it was reliable. The ccxilcal hole in the charge was 
believed to be the secret that kept the charge from burning down the sides of the con- 
tainer to produce chamber pressures that wjuld burst the container. Ihe longest duraticxi 
of thrust of this motor did not exceed about 1 second. 

During 1939 and 19^0, various mixtures based on black powder ard mixtures of 
black powder with smokeless powder were tested in 1 in. and 3 in. diameter chambers. The 
charge for the 3 in. chamber was made up of 6 in. long pellets conpressed at around 
u,500 p.s.i. that were coated with various substances to fom a solid or liquid seal 
between the charge and the walls of the chanber (Fl^^are 3)* charge of the 1 in. cham- 
ber was pressed directly into the chamber in small Increments at pressures between 7,700 
and 12,000 p.s.i. Most of the tests of these charges ended In an ejQDloslon. Mechanical 
causes for failures, such as burning of the charge on the surface next to the wall 
because of leakage, transfer of heat down the wails sufficient to Ignite the sides of the 
charge, ard cracking of the charge under conbustlon pressure, were suspected. However, 
there were those who were convinced that the combustion process of a restricted burning 
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charge In a rocket motor was basically unstable. It was only when the von Ksuni^-ifeLLina 
analysis of the characteristics of the ideal solid propellant rocket motor was made In the 
spring of 19*10 (Section II), that proved the process was stable, that a concentrated 
effort was made to study the mechanical causes of failure. 

Hundreds of tests were then made with different powder mixtures, using black 
powder as the basic ingredient, with various loading techniques and with various motor 
^1^. Uie d^>endence of chant>ep pressure on the ratio of chairber cross section area to 
nozzle throat area was detemined for each specific powder mixture. 

Hy the spring of 19*»1 results were sufficiently encouraging to schedule fU^t 
tests of an aircraft equipped with solid propellant rockets specially designed for it. 

(A discussion of the fUg^it tests of the Ercoupe airplane is glv«i in Section VI. Ihe 
prap<ellant charge used in the Ercoupe motors was a type of amide black powder designated 
as QALCrr 27. Ihe 2 lb. charge was pressed into the combusticai charab€H?, which had a 
blotting paper liner, in 22 Incranents by a plunger with a conical nose shape at a pres- 
sure of 18 tons. Ihe diameter of the charge was 1.75 in. and its length varied between 
10 and 11 in. Ihe motor was designed to deliver about 28 lb. thrust for about 12 seconds 
(Figures 11(a) and 11(b)). Elgtiteen rocket motors were delivered every other day for the 
fll^t tests at March Field, California, about an hour’s drive from the Project. During 
the first i^iase of the fllg:it tests ans motor failed explosively in a static test and one 
itfiile the Ercoupe was in Ic^el fLi^t. hereafter, 152 motors were used in succession 
wltiiout e}q)losive failure, ihe motors were prepared by Parsons, Porroan, and Fred 
Miller.^ 

It was most fortunate that the fli^t tests wei» jarried nut close to tiie loca- 
tion of the Project, vAiich pennitted the rocket motors to be fired within a few days from 
the time th^ were charged with propellant. Following the fll#it tests, it was found that 
after the motors were t.iposed to simulated storage and taiperature conditions over several 
days they e]q>loded In most cases. It was evl<tent that either the blotting paper liner or 
the mechanical ciiaracteristics of the pn^llant were unsatisfactor 7 . But the Navy 
Deparfanent regarded the successful Ercoi^je tests with much Interest from the point of view 
of application of rockets for the assisted take-off of aircraft from aircraft carriers. 
Upon the mging of Lt. C. F. Fischer of the Bureau of Aeronautics, who had witnessed the 
tests a contract was placed by the Navy with the Project in early 1942 for the develop- 
ment of a 200 lb. thrust, 8 second unit. Ihe urdt was deslgiated by tte acrcnym JATO for 
Jet Assisted Take-Off , and this designation is still used. 

Ihis Navy contract came in the midst of the explosive failures of the JATO unit 
developed for the Ercoupe tests. All efforts to improve the amide-black powder prc^llant 
and loading techniques of the motor developed for the Ercoupe tests failed to meet spe- 
cified storage conditions ranging from Alaska to afrlca. Invest iggatlons of motors using 
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Fig. 11 (b) 

View of Six JATO Units. Attachment AssetTblies 
ai-ri Ignition System for ES?coupe Fll^it T<e8t8 


Ballistite, a coipotaid essentially of nitrocellulose and nitroglycerine, f so proved nega- 
tive, mainly because of its ai.i>ient tenperature sensitivity, the is, the variation of Its 
rate of burning with ambient tenperature. For exa.*;le, a JATO unit desi^ied to deliver 
1,000 lb thrust at 90*P wtxild deliver at most only 600 lb. thrust at U0“P. Ihoug the 
(Miration of thrust at the lower tenperature woul . be lengthened, an alj*craft assisted 
under such a ccxxiit.''on might Tail to take off from a short runway. 

Thus, the spring of 19*12 was one of ciesperaticai for those 3 cn'’.emed wltii devel- 
opment of a reliable solid prcpellant JATO urdt. We know that tneoretlcally it was pos- 
sible to construct such an CTiglne, but no csie came fc . ’ with a premising idea until 

June, whe.: 'Arsens, no doubt af^er ccmmtnlng with hi., t? is .'pJritt:. .iggected ''ylxir a 

radical new pn ?llant. It would consist of potassium perchlorate, as oxidiiier, coimK«. 
asi^ialt used on roads as a binder and fuel, and be cast, after being mixed, Lnto a combus- 
ti<xi chamber. A test of the propellant, desigiated OALCIT 53 » wa^' r lckly ina<te a«id the 
results were so promising that work on otf> •• pi<x'ellant type> was dropped ^or a long time. 
Parsons was assisted in the development «'• rnv ...;phalt base propellant by frills and Fred 
Miller, After dite study of the origin o. ^.h<. i.ieas for tlie new orcpellant, Parsoru was 
recognized as its inventor and a patent wa'i gr.,nted In his ivitin. 
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At first, tlie OdJiance Department {jbjected acrcngi^y to <xtr use of potassium per- 
efilorate as an oxidizer because It h'».< pixrved xsnsaie In the past. Parsoae realized that 
t.helr c*Ject!on was !to lonier valid, since ways had been found to prod*^ t!ie material 
with c; aintaan purity of 99*. la^irities in tx>e farm of dangerous chlorates had bean 
practically e'iSirdnE.i:»d. Itie ruling of the Or:^mje Def»tnent thereafter cfian^d, 
allowing the isse of tMs kind of solid oxicizer. Ihe Navy contract for IW JATO units 
delivering 200 ib. tJarust for 8 secorels was iJuccessAil'’y completed, with GAIjCIT 53 as the 
propellant.^ (Figure 12) PrcxfeictiTri of service-type tnits for ths Navy begai shorily 
thereafter at the Aerojet Eng4’'eerii^ Corpciratiai (ix« Aercjet Gwieral Ccapcration, 
cf. Section vni). 



Fig. 12 

View of 200 Ih. ils^ost, 8 Second Solid-Propellant 
JA1D*s !¥oduced In 29^2 ?hr t?ie U^ 

Ihe r"Tject carrie<i oit extensive studies <xi asphalt-base propellant, (c^'rposite 
propellants, as ttey are v>m called ) In t?r following years. A detailed report released 
In May 1944 m tte propellant OALCTT 6l-C by Kills can be fou.J In FtefeTO'nce 32. GAITIT 
6 l-C consisted of 76? p>tasnlijn perehlorate and 24* fuel. The fuel compofiient wen 70* 


Ttexaoo Na. 18 asphalt and 3(tf Ikdon Oil Coaiittv Pem SAE No. 10 lubricating oil. The 
fViel was Uqutned at about 275®P, the pulvolaed potassium perchlorate added to It, and 
the adxture thoroughly stinred. The Bdxtiae was then poured into the ccadjustlon chaster, 
liiich had hem previously lined wlUi a natodal siadlar to the fUel cco|)onent, and 
allnwwl to cool and become herd. This prqpellant when burned at a ehaeter pressure of 
2,000 p.s.i. had a chaster teiqperature of StOOD-SySOO^P, a specific li^Mlse of 186, and 
an exhaust velocl^ of tteut 5,900 ft. per sec. Stcmge teapereture limits were fTcn 

to 120^. It was developed in 19^3 and used in service JAIO units by the Nsyy until 
the end of Ubrld Mar n. 

Solid propellents utilizing potassiiai perchlorate is oxidizer produce dense 
clouds of idiite snake (potasslun chloride), which the Navy did not like at all. Some 
months aftor GALdT 53 Mas developed. Parsons infbmed the Rx^ject meekly research oon> 
ference that he had elisdmted the smoke problera hy rqdaclng potassium perchlorate with 
asaKxiluD per(d)lcrate. Navy rodoet expats were Issediately invited to visit the Project 
for a demonstration. lAien they arrived we posted ourselves seme distance firon the test 
pit, the red flag was nzi tg), and I^ursons gave the order for his latest creation to be 
fired. We b^ld a big cloud of thite smoke and Baorsons with a look of surprise on his 
fhoe. He sheepishly explained tliat the smoke must have been caused by the himddlty, for 
the air had been very dry on the days they had made tests before. AsBcnUB perchlorate 
does rc luce the aaount of smoke {produced if the air is diy, but it produces undesirable 
chloride in the Jet. 

The project also studied the possible use of other Aiels Instead of asphalt, 
sudi as Napalm gelled hydrocarbon, gelled wax niztures, and butyl rubber. A continuation 
of studio of the last natoial later led Charles Bartley, wder the JPL-OnDCIT Project 
in 1945 , to the discovery of the advantages of the castable elastomeric (polymililde rub- 
ber) material called Thiokol. This discovery became the basis of solid propellant nanu- 
fbetun by the Thiokol diemlcal Corporation. Air Force Material Coamand terminated work 
by the Project on solid propellant motors on June 30, 19^; the Ordnance Department con- 
tinued the work for long range missile applications. 

In concluding this part on the wosrx of the Project in developing solid propel- 
lants for long duration rodeet motors, it should be pointed out that two of the most 
Important discoveries in the Ict^ history of solid rockets were made here. First it was 
theoretically proved by the K£uineb<Mallna analysis that a stable constant pressure, Icng 
duration solid propellant rocket motor was possible. Second, Parsons found a new kind of 
material, the asphalt-potassium perchlorate oooposlte solid propellant, which Initiated 
modern cast^le solid propellseit rocket technology. The 200 lb. thrust JATD isiit has 
gro» Into solid propellmrt rocket engines today delivering on the order of 1,000,000 lb. 
thrust. 
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IV. SCUD PRCmUNT N7R» DESIGN 


A solid propellatit rocket notor consists of a conbustion chanber containing the 
propellant chai^, an ignitor, and an exhaust nozzle through whi^ the conbustion products 
escape to give thnist. In the first motor design made by the Project, the nozzle was 
attached to the conhustion chanha* by means of bolts that pulled ^part at a chanbo* pres- 
rire considerably below the pressure that would shatter the walls of the chanber.^ In 
1942 Mills and I devised a pressure-release device or "safety plu^ that considerably sim- 

Oh 

plifled motor design. A patent was granted to us for this device on 14 May 1946. ’ 

Great care was taken to protect personnel involved in prepaidjig solid propel- 
lants and in testing solid and liquid propellant engines. During the period of this 
memoir no serious injury was suffered by any menber of the Project, in spite of the ten- 
dency of those dally woridng with explosives to develop a contempt for them throu^ 
fbmlllarltar. Parsons ttas the fatal victim of this hazard in 1952 idien he dropped some 
fulminate of m»*cui^' tdiUe moving his private laboratory from Pasadena to Mexico.^ 

the work of the Project concaitrated on the desl 0 rt criteria for restricted burn- 
ing motors that would be suitable for JATO units and, Itter for long range missiles. IXir- 
ing the course of this researdi, engineers were pi-ovlded with methods of raotcac component 
design when the following characteristics of the propellant to be used were known: 

a. Sensitivity of the propellant to ambient tenqperature during conbustion. 

b. Conbustion pressure limit below the propellant bums in an irregular 

manner. 

c. Conbustion pressure limit above tbich the propellant bums in an unpredictable 
manner. 

d. Storage characteristics of the propellant charge from the point of view of 
ninimum and maxijiun anbient tenperatures allowed and possible decomposition of 
the propeUant with prolcnged storage. 

e. Ignitia. tenperature of the propellant. 

f. Rate of burning of the propellant as function of the conbustion pressure. 

g. Ferfonnance chareu:teristics of the propellant to produce rocket thrust. 

Ihe great progress made in the scientific desigi of solid • ropellant rocket 

motors li. conparison with the enpirical, traditional, method used in previous centuries 
can be appreciated by refermce to the text "Jet Propulsion"^ prepared fca* the course at 
Caltech at the request of the Air Technical Service Connand in 1943 and continued in 
following years (cf. Section IX). The development of the solid propellant JATO unit 
showed that for many applications it was stperlor to liquid propellsit engines; because of 
its sinpllcity and reliability. The debate on the superiority of solid vs. liquid pro- 
pellant rocket engines for boosters of space vehicles still rages today. 
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I Mould like to point out ttat It mbs the policy of the Ppqject to concentrate 
•ffcrts on ftmi—intel research probloe of rocket engine developnent, leaving pilot and 
sarvloe stage desigi problaK to industry. Von tsdcmm aoA I Mere oonvinoed that this mss 
aifeTipriate stance to tafte ftr an educational ml research instituticn sud) as Caite<d). 
The fact that this policy MBS violated ckirlng later perioos in the hlstoey of JPL was due 
to special elreuBstanoes that premiled in the U.S.A. at that tiae. 

V. UWID mXllJANr 

When the Project initiated work on rocket engines for the "superperfCnaance” 
of aircraft in 1939, it was not evident vhether either a solid or a liquid propellant type 
could be constructed to aeet service reifuireiaents. Therefore, we investigated both types. 
He realised that a solid propellant JXTO unit would be sispler, lighter, and more prac- 
tical Icglstically, even though it could not be stepped and restarted. Cn the other hand, 
for auxiliary propulsion in flight, the liquid propellant engine, witt its higher ^>ecl'*c 
hgulae, possible longer burning duration, and controU^le thrust. Mould have great 
advantages. The use of such an engine fbr the sole propulsion of an aircraft or of a 
■iaslle Mas not at first conteaplated in tiie progran of the project. The study I prepared 
in October 1939 <n the application of rocket propulsion to a radio-controlled flying tor- 
pedo MBS used by Captain (later Rear ikkdral) D. S. Fabmey (then head of the guided nds- 
aile project of the Bureau of Aeronautics of the Navy) , as the basis for the design aid 
production of Aaerica's first gidded liquid propellant rocket missile In the U.S.A. , the 

ocrooH.®*^ 

RPm - Os «nT'»n«» B yine Heseardh 

A liquid propellant engine consists essentially of a rocket actor, propellsvit 
feed and control system, and propellant tanks (Flgmne 13). Susnerfleld Initiated expari- 
aents directed toward the design and construction of a JXIO unit using RFNA and gasoline 
on 1 July 19k0 on the basis of experience that we had gained with tests of the gaseous 
osygen-amthyl alcohol motor in 1936, experhaents with the gaseous oxygen-ethylaie notor 
begBi In 1937* various thecretlcal studies we had made, and the meaga? Information avail- 
able in the published liter a ture. 

The n^Qject's first permanent installation or test pit for experiments on 
liquid propellant rocket engine oonpenents was coapleted in February 1941. Rxipellant was 
fed to a motor by regulated nitrogen gas pressure ftxxn standard coBmercial tadcs. Thsts 
were begun on an uncooled actor designed to deliver 200 lb. thrust at a coobustlcn cham- 
ber pressure of about 300 p.s.l. The ex .ust nozzle, Mhlch posed no special desi^i 
problems, was made in a copper block and attached to the chamber ty means of bolts that 
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Pig. 13 

Schenatlc Diagram of the Liquid Propellant 
(RFNA-AnlUne) , Gas Fl%ssure Simply 
System JA10 Q'^ine Ifeed In A-20A 
FU^t Itests 

would l -^ak at a pressure below the bursting pressure of the chanter. The voluae and 
shape of the chamber and the mode of Injecting RFNA and gasoline into it to obtain regu- 
lar, efficient combustion had to be determined as %#ell as the method of obtaining l^iltlon. 

Ihe first type tested had an inplnglng-streenn injector with four arifloes in a 
flat plate two for RFNA and two for ^soline, and a spark plug for ignition. Since the 
motor in a JATO unit would be placed in a horizontal position, it was so tested. TV r ee 
motors vere tried and all failed explosively. Ihe third one. In May 19^1, set fire to the 
railroad ties that made up tte sides of the test pit and caused considerable damage to the 
test equipment. Hie test pits of ttie Project were dellb^^tely built facir^ brush-covered 
hillsides in order to stop Jets and flying metal. The brush, tdiich dux*ing tte long, dry 
Southern Calffomla season is hi^iiy flanmable, was cleared near the pits. But we were 
constantly worried that one day the brush hi^ier up would igilte in a big wind and that 
the fire would race up the mountains toward the Mt. vaison Observatory above us. A fire 
did once break out, but it was stopped vrltti the help of all hands at the Project. A 
spidnkler system was then Installed on the hillsides and no further brush fires troidQled 
us. 
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Die chief cause of the liquid propellant notcr thilures Has Inproprar liprtitlcn. 

If Igriitlon HBs not Instantaneous, propellant accumulated in the chaal>a> and, if it then 
Ignited, an explosive reaction took place. It mss concluded that the injector did not 
produce fine enough streaaB to obtain adequate odxing. A new Injector nas o&te with six 
Isplneement points; each mbs omde up of a central gasoline stream «xl tuo RFNA streaus 
trm angled orifices. Ihe qpark plug nas shielded to prevent ^lort circuiting by spr&y. 
The motor Hlth these modlfLcations %rarlced repeatedly nlthout failure and led to tests of a 
similar, larger, motor designed to deliver 500 lb. thrust. Tests of this motor were also 
successftil, except for one explosion Mhldi should have beoi a wming to us. 

At this point He concluded that ne knen notably the folloHlng, as reported by 
Suseerfleld and B. M. FcrmBn (the cousin of E. S. Pomian):^ 

a. Hoh to introduce the propellmrits into the motor, including a satisfactory gas 
pressure propellant supply system and control valves. 

b. The effect of RFNA-gpsoline mixture ratio on coabustion dianber tenperature and 
the ^leciflc 1iq)ulse of a motor. 

c. How to reduce eidiaust nozzle erosion by chrome plating the copper surface. 

Tests on the 500 lb. thrust motor, which coincided with the successful Brootpe 

flight tests at Nar<^ Field (cf. Section VI), en^.ouraged us, in S^tenber 1941, to make 
the foUcMlng inportant decisions: 

a. Design iimiedlately a 1000 lb-thrust uncooled motor to operate for a ndnlnun 
duration of 25 seconds. 

b. Form tno groufsi the first to continue basic studies of engine oesigi, and the 
second to begin the design of an experinerval JATO wit suitable for installa- 
tion on an aircraft. 

c. Request the Any Air Forces (AAP) (foraerly the Any Air Corps) to provide an 
aircraft for fll^t tests of the JATO unit (cf . Section VI) . 

Tests at the beginning of October of the flrsc 1000 lb. th^jst motor, provided 
with an injector with 15 Inplngement points and two shielded spark plugs, proved to be 
very disappointing. Sometimes ignition was so long delayed that a very "hard start" 
resulted; sometimes it failed altogether. Uhat really disturbed us, however, was our 
first encounter with the unpleasant phenomenal of coabustion pulsing cn* "throbbing" that 
has plagued rocket engineers for the past 30 years. ^Sporadically and upredlctsbly a 
motor begins to throb, all^ly at first but with increasing intensity until, if not 
promptly shut off. it blows up. 

For four months various attenpts w^re made to overcome the phencmenon but wi th- 
out success. In the meantime, arrangements had been ccnpleted with the AAF for flight 
tests in the Spring of 1942. Ihe JATO isiit that was to be Installed on the 14,000 lb. 
Douglas bl-motor bonber, the A-20A, was in final design stage. In early February y'iZ 
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sort the teXegram to Suanerflelil ft<om Oeyton, Ghlo to r^iOace gasoline with aniline as a 
Ajel. suggestlcn norked. Dvobbtng mbs elintnsted or rendere d niMUlgLble (cf. Section 
HI), line "throbbing** months drew von Kunan, Suanerfleld, and the Sage Chemistty Qroup 
into a concerted theoretical and experimental attack on the problem. Von Keran h^jame 
so fascinated with the probleem of liquid propellant coeixjstlon that he pursued them until 
his death in 1963; SUBBmrfleld is still uortclng on them. Von Kaaain broadeneci the field 
to Include aer o t h eneodynemics, mnd Sumaerfield subsequently branched off to ir^lude the 
combustion process of solid propellants. 

Ehglne Research Vttth RBIA and Spontaneously Igd.ting Pbel For the A-20-A PH^it Ttests 

Ihe property of aniline to ignite vg>on contact with nitric acid greatly sispll- 
fied motor desl0i. A u xi lia r y Igiltion methods could be di^>ensed tdth, and the danger of 
propellant accunulating in large quantities in a horizontally mounted motor uas avoided— 
provided the propellant conponents arrived simultaneously at an appropriate mixture ratio. 
Ihe siKpt ignlticn lag tdien aniline cones into contact with RFNA, conpared to gasoline* 
greatly helped to reduce throMting and eliminated the destructive buUdip of pulses. Ihe 
iiqxz*tance of ^xsntaneously igniting (diemlcals* or "hypergoUc" propellants (a German 
tom)* for rocket engines (pened ip an aspect of (diendcal researdi that had been givm 
very little attmtlon in the past md this research contributed to a better undnrst ending 
of the kinetics of chemical reactions. 

Ihe liquid r''opellant JAID unit 9x>up* consisting of Sunoerfleld, Powell and 
E. G. Crofu. incorporated the RFNA-aniline combination into a revised design. It was 
found that perfamance specifications established f'o* the 100 lb. thrust motor using the 
starabl.^ propellants could be met by an injector with only fbur pairs of inpinging 
streams. For the A-20A fU^t tests* no attempt was trade to produce a Ughtwei^t inlt 
but rather effcart was concentrated on reliability and safety. Ihe tall surfaces of the 
alr.'raft were estimated to be hl^ enou^ to clear exhaust Jets when the motors were 
itouited in the nacelle tall cones* tdiere there was also sufficient space for tdie two pro- 
pellant tanks and flow control valves. Standard ccmercial nitrogen tanks and pressure 
regulators were installed in the fuselage together with controls for starting and stepping 
the units* operable by a mechanic In the rear gunner* s cockpit upon Instructions from the 
pilot . ^ A view of the installation in cv»e of the nacelles is shown In Figure 14. 

Ihe motor was mounted on slides and provided with hydraulic Jacks, so that if an explosion 
separated the exhaust rKizzle block, the lemainder of the motor would not impose too great 
a shock on the aircraft nacelle structure. 

The two JATO units perfomned satisfactortly during successive firings on the 
A-20A. The propellant control valves, which were hydraulically operated, and the check 
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Pig. lU 

view of the RFM~tolllne JATO aigire Installed in 
0r» of the Hacelles of A-20A Airplane 


valves gave the most trouble. Uie clrieck valves were reroved at an early sta®e of ground 
testing. We had some malicious satisfaction when one of tl* eonventlo m.1 plstcm engines 
on the A-20A developed medhanical trouble and delayed tte test for two days. Tlje 

successfld tests of our experltnental JATO units during the tests led ttie 

AAP to place a crantract for the productioi of servlce-t^/pe units at the Aerojet angineer- 
Sng Cfcrporatiav-the newly forjiied cort|>any*s first ci-; .tract Ccf. Section VIII^. The 
Project, meantime, resumed basic research an rocket engire coiporients. 


Ertgine Beseareh With Various Liquid Prcpellants After the 


I prepared a review of developments lii liquid pnapellant Jet (rocket) propulsion 
at the tToJect and at Aerojet for a spec,lal f?eet,lng of ttm Office^ of Scientific Researeii 
and Develcpnent (OSRD) in Washii^an, D.C. fn Pebruary 17, It will \x mUid fran 

the title of the repoi*t dmt at th.i.s tiine the tenii ^^rocket/* in part;^rithe:>ls* was used* 

'Bie term ms being rehabilltateti in teelmJ.cal arid irdlltm^ circles In tim 0*S*A* for 
first tlim? since the nineteenth centuro% wl^en rifled replaced military/ rocket 



missiles. On the other hand, thn« was still gene^*. re^fstanee to anttiorlns the use of 
rockets for space research an:l exploraticn, and none lt> nade tn the report, even thou^ 
we were already reviving the studies we had Irtempted in 193)« 

Motors . A coocrehensive nencrandun on tdie state and direction of developomt 
of liquid propellant ro(dcet notoara hy Project and by other groups was prepared 
Seifert aid me for the Nay 29, 19^5 neeting of the Coordinating Connittee of the Qulded 
Missile Program at the request of the Ordnance Departaent of the Amy Snvice Fbroes. 
(Diere was still no reference made to space research and exploration.) 

An idea of the range of research on liquid propellsnt ro(doet motors and other 
engine conponaits that was undertaken by the project at 
tills memoir cen be obtained Horn the following headings 
1 to 30 Moventier 1946.^^ (Research on solid propellant 
the ORDCrr Project beglnnir« on 1 July 1944): 

A. Ftndaraaital Research 

1. New Propellants 

I^drogen peroxide 

(1) Perfonnance with fbels 

Liquid oxygen 

(i) Perfonnance with fbels 

Acid-hydrocarbon conblnations 

(i) WBW-FUrfliryl alcohol 

2. Investigation and development of new materials 

a. Survey of the physical properties of cerandc- materials* 

b. Development of ceramic naterlals for use as tuzbine blades 

c. Pr^iaratlon and properties of refractory chamber Uners 

d. Developmm^ of porous materials for sweat cooling 

3. Tenperature measurement and heat-transfer analysis 

B. Engineering Development 

1. Injector and chemnber deslgis 

a. Effect of Injectors on perfonnar.oe, ignition and heat transfer (with 
nitromethane) 

2. Motor-cooling techniques 

a. Film cooling (with acid and hydrocarbons) 

3. Hydraulic measurements 

a. Characteristics of rocket conponents 
(i) Atomization 
(11) Fluid metering 

Ihe same monthly suimary contained a financial report showing that c«t of 
$944,000.00 available that year for research from the AAP, an estimated $954,211,52 had 


the end of the period covered in 
of Monthly Sumary No. 1-54, 
rocket engines was taken over by 
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been qienti I do not reneBi>er «Aid flew to the Air Nat«7ial Coonand, Vblght Field, Dasrton, 
Ohio, to get nore mon^, but it was obtained. I was then preparing fbr iqy two-year leave 
of absence ftxxn Caltedi to go to Paris to work for international scientific cooperation 
at UNESOO, and I was turning over responsibility for the direction of JPL to my successor, 
Louis 6. Dunn. As I write this memoir twenty-five years later, I am still in France, 

•here 1 have been occigded since 1953 with non-govemnental international cooperation in 
astronautics and visual fine art. 

Propellant Peed Systems . Ihe following types of feed systems v&ce studied by 
the Project: the gas pressure feed system using stored air or nitrogen in tanks at around 
2000 p.s.l., and using gas generators; centrifugal pinfs with various drives; and the 
Centrojet principle proposed b;' Aerojet. * ^ the astern using stored gas becomes exces- 
sively heavy if thrust durations exuet^dlng about 60 seconds are required, and if ccnhus- 
ticn pressures higher than 300 p.s.l. are desired to obtain better specific liqpulse. Ihe 
idea of providing gas at pressure by means of a chemical reaction to r^lace storage tsonks 
sounded very good and, beginning in 19^2, considerable effort was made to develop it; 
however, a practical system was not achieved by the end of 1946.^* 

In 1942, the Project began the development of high ^peed centrifugal pumps. A 
satlsfactoiy 10,000 r.p.m. aniline punp delivering 20 gallons per minute at 900 p.s.l. 
was developed in 1943- ^Ihe construction of a nitric acid punp proved to be nuch more 
difficult because of the special naterlals this oxidizer requires. ETives sacdi as elec- 
trie motoara and gas turbines were also investigated. * ^ 

Project undertook to test for Aerojet, during the Sumer of 1943, two 
unusual proposals for supplying propellant to a long-duration rocket motor (30 minutes at 
idling thrust, 5 minutes at full thrust). Ihe first would obtain puip dri'/e rotat- 
ing rocket motors mounted so that a cenponent of thrust would be made available for 
delivering tc»que - the system was called a Rotojet . The second used the principle .f the 
Rotojet with a built-in centrifugal puip. A single conPustlui chamber mbs equipped with 
multiple angled exhaust nozzles. Cooling passages around the chanPer walls served as 
puiping ducts when the whole assembly rotated— tiie system was called a Centrojet . 
Sinmerfield, at that time on leave ft?om the Project, sipervlsed the program at A«?oJet. 

He believed that these systems i«ere mainly the irasult of the interaction of the minds of 
William Van Dam and Waldemar Mayer. It was decided to try them after a comnittee that 
included von Karman and l:>ien asserted that they were the lightest and most efficient 
approaches, after revliwing a series of analytical studies of conpetltlve schemes. (Ihese 
Included: gp3oline-englne u?lven punps, a gas turbine drive, a propellant steam Jet pump, 
a direct combustion gas pressurization scheme, etc. Ihe surviving scheme today is the 
propellant gas turbine drive. It was used successfully first by the Qeiman V-2 grexp in 
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1938 but this MSS not known to us.) Models of the Rotojet and Centrojet were constructed. 


but tests showed that, althou^ the two systons worked In principle, the mechanical dif- 
ficulties encountered were so great that there was little hope for them In 
practice. ^*^®***^ 


VI. ELICafT lESIS OF ROCKET EMQIfES 

I pointed out earlier that the program of the Project was to develc^ solid and/ 
or liquid propellant rocket engines for appilcatlon to the "siperperfonnance" of land- 
planes, lncluJ'’^°' rocket assisted take-off, and abnoimally large accelerations and 
Increased fll^t velocities or rates of cUnb for oily short periods of time. The pro- 
gram was launched on the basis of preliminary studies of the validity of using rocket 

11 12 

engines for these purposes. * C. B. Millikan and H. J. Stewart In Janueuy 19^1 made 

a detailed analysis of the effect of auxiliary rocket prc^ulslon on landplane perform- 
42 

ance. A supplementary ansOysis was made by C. F. Fischer, a Navy officer, for his 


OALdT master's thesis. Ihe predictions made by these analyses awaited ejqterlmental 
verification. 

Ercoupe Flight Tests With Solid Propellant JATO Ikilts 


A message was sait to the Air Corps In the spring of 19^1 that we were ready 
for fli^t tests of an aircraft equipped with solid propellant JATO's each delivering 
around 28 lb. thrust for about 12 seconds (cf. Section III). The Air Matei’ ,al Comnand 
selected tte ErcoiQ)e low^^ulng monoplane, beeirlng the deslgiatlon YO-55» for the tests and 
selected Homer A. Boushey, Jr. (thai a Captain) as the test pilot. Boushey In 19^1 was 
doing graduate work at GALCIT and also acted as liaison officer between the AAF and the 
Project. An analysis of the p«?fonnance and fli#it characteristics of the Ercotkje and 
of the mamer of Installing multiple JATO units designed by the Project was made by 
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C. F. Damberg and P. H. Dane of the Amy Air Corps, as their GALCIT master's thesis. 

Ihe Ercoupe was flown from Dayton, CMo to March Field, California, at the end 
of July 1941, vdiere modifications were made for installing the JATOs. The flight test 
groi?) consisted of the following: (Rx»Ject personnel) J. W. Parsons, E. S. Fonnan, 

F. S. Miller and nyself, as director of the tests; (AAF persomel) Capt. H. ». Boushey, 
Jr., Qpl. R. Hamilton and Pvt. Kobe (Figure 15). Von Karnan and C. B. Millikan Joined the 
group at varioue stages of the program and some of the tests were witnessed by W. F. 
Durant, Chalreian of N.A.C.A. Jet Prcpulslon Contnlttee, and Piscber of the Bureau of 
Aeronautics of tl» Na.»y Department. 

A ft’ont view of the Ercoi^ie Is own In Figure 16 with three JATOs installed 
under the wing on each side of the Air .ige ('■f. Figure 11). Each JATO was mounted cxi 






Pig. 15 

Ercc?Li» Fli^t Qrwpt (Project Pe«<i»»l 
I^fb to F.S. Mller, J.W. Par«*B, 

E.S. PcKiBft ai^ P.J, miSrn, 

(MP Porsainel, Left to Mght) 

Capt,. H.A. .Bcwsitey, Jr., 

Cpl. R. Haniltcrt and 
I5?t. Kcfee 


exImjBt nozzle, In areter jkA to tmismit shook to the airpiane wlm> is, th< 

tion of the nozzle mmijn^ bacto«Ki wuld prejeot the JA® ecjrrtoistlm chMber forw 
Ite test {arogram began very eautloisly , since m Imd to anticipate passible expta 
failures of the JAfOs, ard it was not certain timt the w<mM 'belave satis: 

#»n rocket thrust m ^^lied, Sash^, for a* of the fmT t:,lmxj tests flew : 
alrpla* equipped with om JAf3 m each side to an. altltMe o.f ^mt anl 

ignited the rockets, We couli *^»‘t see the frcowpe hut our mtistmt' .eeing 
Jet trail appear In the sky wm ended, ,1« a few seccwfe wten a big; b? reaelcd us 
of the units had failed a^n, Itiere were some anxious rfra»nts until we couM m 
Ba,isl»y bask aM laMlng safely , Ifeppl?’ , the Installatiai allowing for fm 




r caitalrs 

iS to QOTh- 


test pmffm) are swimrl»J in Table I. They mre fovnd to be In ' a 
with the fcheca*etlcal predictlcns nade by Millikan ar«l Stev«l;. Iv wi 


mally requiretj. The charaeterlstlcs of the EdxplMX were not significantly 

affected. 
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Yim of Ercoupe Take-Off faslstal 
Six JATO Units 


'^ABi£ r 


Item 

Ercolipe 

vdthout 

J/ODs 

JA'iO 

lb. 

Mew value 
of 
item 

Percent 

sa-dng 

Ilake-off distanre, ft.. 

580 


300 

J48.3 

Take-off time, sec. 

13.1 

X / 0 

7.5 

42.8 

DistiiTice to c3:'tr ft. 

ob3ta:1«, ft. 


170 

: : <;50: 

42.1 

1 

r stance to talce-off with 
285 lb. ove.*'’^id, ft. 

905 

166 


i 81.6 

! 

Time to: take-off with 
?85 lb. o'/erioad, sec. 

]9.8 

I 

166 

t : ■ i 

Q.s 

i : :■ 

40,4 

Ftotlum indicated air speed 
at ll.llOO 11;. r, jt. 

i 

62 

i 

1 

i 

i 


i 56.5 

j Unceea^e) 
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The first toerlcati raanried fllg^it of m aircraft propelled by rodtet thrust alone 

was KBde by Bcushey «i As;®st 23» 19^1 (Figure 18). Tte propeller of the Ercwpe was 

reiaared ss»l 12 JATD units Installed, hcwevar, only U fhactloned. The Erooupe was pulled 

a truck to a speed of about 25 «.p.h. before the JATOs were l^rtLted, The airplane left 

10 

the ground snd reached an altitude of about 20 ft. This fll#it mz not originaHy 
scheduled but we could not resist tte qpportunlty to asake the inprovlsed <teaor»tration of 
a ftiture oossibllity rocket prqpulslon. 


Pig. 18 

¥lew of Ercoipe About To Take-Off With 
Rocket Propulsion Alcrse 


A-20A Fllgjht Tests With Liquid Rropellant JATD Units 


Me anticipated the flight tests of the RPNft-anllii» rcxsket JATAs on the A-20A 
airplane with a degree of confidence, for we i"i£d ^Ined much ejsperlence during the fll^t 
tests of tiie solid propellant JAKte on the Ercoi^ie. Nevertheless, with tte lives of the 
pilot and the JATO cperatcr in our hards, we pxxieeded with cautlm. The A-20A, after 
certain structural reinforceraents had been made by tte AAF Aircraft Labopatory at Weight 
Field, was flown by Majer P. H. DBr» to Lockheed Mrpert, Burbank, Callfomda, in terch 
19^2. Here tte 3KSO& mre installed, w!w«upon tte airplar» was flown to the U.S. Air 
Force Bcniblng and Qimmvy Callfomia* The only difficulty that we encoun- 

tered occurred during the first static tests; the unit .in the starboartl-side nacelle failed 
to deliver rated tl'irust* After several days of baff lenient we found ttiat the fault lay in 

the check valves of the prqpellant lir^s, which were therei^xn elimlmted in both units as 
l8 

iiressentlal. 
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The principal meeiters of the test groups mre the following: (Project 

personnel) M. SuMarfleld, M. B, Paxell, E. G. Croftit, B. M. Ftoram, R. Itertoeck wil the 
authcar, director of the tests; (ME peraonml) Major P. H» tene» M, G. Cassell and L. A. 
Srady and (Civil tenamytics Adtodnlstratlari) E. M. feles* J. Ifttulaltls and N. M. Sttoln. 
Koy personnel In charge of tte fU#it tests are shewn in Figures 19 and 20, and the pilot 
and JATO operator in Figure 21. ¥on Eamm and C. B. Millikan Joined the Project group 
during parts of the program and Fischer observed some of tte flight tests for the Kavy 
Bureau of Aeronautics. 


Pig. ’9 

Personnel in Charge of A-20A Plight Test; 
(Left to Right) M. SuBwerfield, 
F.J. Malim, K.B. Powell, 

Major teul H. Dam ard 

Th. voii Karrnfflt 


The take-off tests were made fr<m the bed oi Iteoc Dry Lake, on wtilch a stripe 
3 ft. Witte and 12,000 ft. long had been laid out o guidte the pilot. Pl.scher flew In from 
his Navy base at Saan Diego* California, In the nddst of the take-off tests one tncmlng when 
von Marmn Joined m, Ife asked vc« Karman if he would like to see the equipment In the 
cockpit of a modbm Na:vy fighter. Those of m vteo knew mn Karmm's r^utatlm I'cr 'leav- 
ir^ ejiperinental. sp^aiatus In a mess after visiting a Mbomtory wx^Bp&i aloM If 
Flscter*s Invltatlm was a wise <». Van Karwb c’i'afced into the cockpit, and Piseter 
exp:iained the 'purpwe of the various instruments tdille I stood on tte lower wijig and 




Pig. 20 

A-20A Pli^t Test Persaaiel 


watciied. Von Kanwi pointed at a handle by his foot and, as he asked what It was for, 
pulled the lever. I heard a crash behind me on the wlr^ and away firom the adr- 

plai»i. Wien I lodked back I saw a balloon under each tip of the ifsper wing slowly descend 
and Inflate — van i^armn had released the v^ter floatatiai gear. Fischer exclalmd: 

Lord, how will I explain this at sty base — floatation gear activated in a desert 5 ** We 
often wondered what story he told to his superiore to explain his desert floatation 
episode. 

The first JATO assisted take-off of the A-20A was fi^e m tte after«xri of 

%iril 15 , 19 ^ 2 . A view of a take-off Is shown in Figure 22. During the fli^t tests the 

JATOs were fired AA siwcessive times without failure (cf. Section V). Ihe principal 

results of the tests are summarized in l^le II. They were found to be In good agreement 

17 k? & 

with tlteoretical predictiais.'^ * -* Ttie take-off distance, under various loaiir^ 

conditicns, was reduced by abait 30%. The flight characteristics of tte airplane were 
mt sighlflcantly affected. 
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Fig. 21 

Major P.H. Eteu*, Pilot, and B.M. Pomiait, JATO 
: Opemtop, .During A-20A Fliglit Ifests 

T*® t^ste:; were also.maie to measure the increase of IMlcated air speed in level 

flight vdth the JATOs Ignited. At 5,000 ft., the speed increased from 252 to 300 ra.p.h. 
or 191, arKl at 10,000 ft. fVom 239 to 280 m.p.h. or 17. 2%, Ihe gross wei^t of the air- 
plane was about 18,000 lb. 


TABLE II 


It.r« 

(A-20A at 20,000 lb. 
Gross wei^t) 

A^20A 

wlttojt 

JPiTOs 

JAiD thrust 
lb. 

{few value 
of 
itm 

Percent 

saving 

Take-off distjmce, ft. 

2,320 

2,000 

1,570 

32.3 


7ake~off tiire, sec. 

25.1 

2,000 


33.1 


Airborne distance to 
clear 50 ft. obstacle, ft. 

1,630 

8 

0 

1,120 

33.3 


Airborne time to clear 
50 ft. obstacle, sec. 

8.3 

i 

2,000 

6.0 

! 27.8 
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Pig* 22 

Nlm of JW20A fake-Off Assisted % 2 JAW Units 


VII. KxaffiT H»mLsicw mm mim 

Qualitative experisnmts of roctet mtars fired under water, ratfe in the mtmn 
of 1942, mre reported upon by R, B. Canrl#tt. It was found that a FWtt-«iilli» aiotcr 
started satisfactorily wf«i siima^ged under 9 in. of water, evai tdien water filled the 
motor and part of tt« prc|)ellant lixs. Solid propellant mits tested when sutoerged 

at frees 2 to 6 ft. of mter in the lake formed at Ifcrris tim., CaHftarda. T3« 

results sheswi tlsat these er^ims ccaald be operated under siatar as JAfOs for flyiing toats, 
for the prqpuiteiars of torpedoes. A patent for the afislicaticn of rocket prepHsim 
to water-borm vehicles was granted to &«merfield arri the aithcr.^^ liw Armament Labora- 
tcxry of tte AAF Air Iteclfiical Service totimnd at Wi^t Field, u|5m tearing of ttese tests, 
reqtested tte project to submit a proposal fer developient of a "hydreboub.” It was to 
be an ali>-launched tesTJedo, but, in order to ciramtvent the monepoly held by the Jiavy for 
the develoiment of torpedoes, tte AAF decidsd to call it by a differmt narro. Propulsion 
of the missile was to start after it entered tte water. 

Ven Karm& and I, in a iWfflorandum dated February 20, 1943, pixsposed the design, 

comtructim and qpor^tten of a towing channel for u«terwater rocket ptjpulslon 
47 

research. The proposal also included research on the design of a hydrebartb, Wten we 
explaited the priposal to General Chldlcw in Washingten, O.C. his cement was: **Tte next 
time you cane to see me you will i«nt roaiey to put rockets on ny swivel cteir." The 
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proposal «as accepted by the krmsm^ Latoomtcry, and the wartt carried their designation; 
Project MX ^3. Our designation for the wcrte ms OMjCIT Project Kto. 2. to i«lerwat«’ 
I'ropulsion Section was established and placed in the charge of Diam, »#i 0 in 19 W became 
Assistant Director of JEL. Under IXam’s sipsrvlsion, the tc«djng channel at hplro^naBdc 
tank was tallt. It had a length of 5W) ft., a width of 12 ft., and a cjfc^th of 16 ft. 
CUgwe 23). Ihe towing carriage was, at ray suggestion, to be driven by a controllable 
RPSA-anlllne engine delivering a mssOmm thrust of around 3,000 lb. to give a carriage 

upt 

speed of around ^ m.p.h. 


Pig. 23 

Erawing of %dixdynamic Tstk Installatim 


The engine for this first rocket-prqpelled car in the U.S.A. was designed 
l|Q 

Powell and Crofut. ^ Hie ermine hM three 1,000 3b. inotow and a gas pressure profpellanfc 
supply system. One memorable day in 19^3 I was Invited to watch a static test of tl» 
engine mounted in the corrpleted towing carriage CPigMre 2k ) . Qmcg^ Snmerson, our brave 
photc^rapter, and I posted ourselves to the rear and to we sidte of the carriage. Ife 
hmrd the order to fire the ei^ine ai*3 to our terror, aJtoost lanedlately saw one of the 



Fig. 2ii 

Static 'Hsst of ffe«ket-Propelled Towing Car 


corbustion chartbers of a motor fly past us and flame envelop the carriage. The carriage, 
in a matter of seccxids, was a burned out wreck because a vlolaitli- "hard start" of the 
engine not only separated the parts of one of the motors but also brc^e the lims of the 
spontaneously ignitable propellant conpcnenta. Hie carriage and the engine, viith modifi- 
cations, were rdsullt and used successAilly during the preliminary ;Aiase of hydrobonib 
development. The rocket engine was later r^laced by an electric n»tor drive that pro- 
vided easier control of carriage speed. It is to be regretted that tte first rocket pro- 
pelled car WEU’ not saved, as It was the fredtecessor of rocket-propelled sleds now used for 
high speed experiments. 

TVfo different prototype models of a hydrobomb were built by 1946 for the AAP; 
one by the Westir#iouse Manufacturing Cocpany and one by the IMted Shoe Machinery Ckiro- 
pany. Ibe prototype by the latter ccnpany was about 10 ft. Icaig, with a maxlmun diameter 
of 28 In. Designed to be launched at speeds up to 350 m.p.h. and to travel under water at 
70 m.p.h., the missile was driven by a solid-propellant rocket unit delivering 2,200 lb. 
thrust for 30 sec. The range of the missile was 1,000 yd; gross weight was 3»200 lb., 
with a warhead weight of 1,250 lb. 

The primary tasks were to obtain, on half-scale models, their hydrodynamic 
characteristics, tte effect of rocket prqxilsion upon stability and performance, and the 


193 


effect of the rocket Jet upon cavitation. A special solid propellant and motor were 
designed by the Project for the full-scale hydrobonb that would withstand water liipact 
when the missile was launched up to speeds of 400 m.p.h. Launching tests were made at 
Torpedo Launching Range developed by Caltech for the Navy at Notvis Dam, 
CaUfornla.^®* 


Vni. FORMATION CF T«E AEROJET QCSIN^RING CORPORATION 

It became evldoit In 1941, following the successful fU^t tests of the Brcoupe 
and with good progress being made In the development of a Uqul<H>rGpellant JATO, that 
steps would soon have to be Laken for the production of JKJXis for tt»e Air Ftoroe and the 
Navy. Caltech, being an Institution for education and basic research, did not appear to 
us to be appropriate for undertaking aiglneering development and production on a large 
scale. FUrtdiernnre, I shared the opinion of Parsons and Fcsman that after tlie efforts we 
had made during the previous five years we should participate in the exploitation of our 
ideas. I proposed to von K£umi& in September 1941 that we try to initiate the productlm 
I^iase of rocket engines, and found him sympathetic. He pointed out that since he and I 
were members of the faculty of Caltach, there probably would be objections made to our 
becoming businessmen and there certainly were seme. Robert A. Millikan, with his usual 
broad outlodc, e]q>ressed concern as to whether we could manage a comnerclal organization 
successfully. 

To minimize these objections, the first plan was to try to get an existing air- 
craft ccxipany to set ip a rocket migine division, with a special arrangement for our pare 

tlclpatlon in its work and in the sharing of profits. Voi Kamm describes in some detail 

q 

in his autobiography these laisuccessflil efforts. Leaders of the aircraft industry In 
Southern California foresaw no future for rocket propulsion! Ihen, upon the counsel of 
Andrew G. HsQey, von Kanisn's attorney, we decided to found a company of our own, after a 
favorable discussion of the idea with General Prank C. Carroll at Vtl^it Field. Uie 
Aerojet Engineering Corporation, now called the Aerojet-General Corperation, was organized 
at the end of 1941 and formally incorparated on March 19, 1942, with the following offi- 
cers: Von Karman, President and Director; Mallna, ineasurer and Director; Haley, Secretary 
and Director; Parsers, Forman and Suimerfield, Vice-Presidents. Our first capital contrl- 
butlcxi to the company amounted to $200 each. Ihose of us who held patents assigned them 
to the company. 

It was no easy matter to decide who of those connected with the Project should 
be invited to Join us in the venture. After the company was underway, C. B. Millikan 
especially felt left out. A year later we decided to offer him some shares for purchase, 
which he bou^t, arvl then he actively aided with the development of tha company. Pareons, 
Sunmerfleld and Fbrman, by the end of 1942, spent much of their time at Aerojet, assisting 
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with the trenslticn trm the experimental stage to pilot scale and to full-scale produc- 
tion of solid and Uqul<H3irc^llant JATO units. In September, Haley took over as presi- 
dent of the ccB¥>any and von K&nm and I again concentrated our efforts on the continually 
expanding program at the JPL Air Corps Inject. 

This changeover was prcirpted. In part, by the attitude of the AAF to our 
becoming businessmen. Von ISamen has the following story In his autoblograpt’^.^ We 
received woa«i from Wrlg^it Field that the Air Force had decided not to renew the first con- 
tract of Aerojet for Uquld-propellant JATOs. Somei^t annoyed, he and I flew to Vtashir^.^- 
ton, D.C., to find out ttiat was wrong. (Xir old friend, Qmneral Bai Chldlaw, told him In 
no uncertain teiros the following: *Me like you very nu<di. Doctor, but only In cap and 
gown to advise us what to do In science. The derby hat of the businessman does not befit 
you." 

The problem of "hats" haunted us during the next years. At this time, von 
Kantian and I were actually alternating three hats - we were on the staff at Caltech, at the 
govemnentally-oiBied JPL curated by Caltech, as well as officers of Amjjet. And von 
Kantian had several other hats; for exanple, he was retained as a consultant by the 
Northrc^ Aircraft Company. The more strenuous objections to possibilities of our having 
conflicting Interests, however, were soft-pedalled because there were so few qualified 
persons In the country to de 20 . with the required expansion of rocket propulsion develq?- 
ment and productlcxi. Close technical liaison was maintained between the Project and 
Aerojet until 19^4 vdien the General Tire and Rubber Ccnpany bou^t a majority Interest 
In Aerojet from the founder shareholders. This sale was forced tpon us because, as the 
govennent told us, we had by then the lowest ratio of Invested capital to contracts of 
any conpany In the countiy. Thereafter, the conpany concentrated more and more on pro- 
ductim rather than development and Its relations with JPL became more and more tenuous. 

IX. JET FR0PUL5ICN Q4GUGERINQ EDUCATION 

In 1943 von Karmw organized at Caltech for the AAF Material Ccmnand, the first 

graduate course In Jet propulsion engineering in the U.S.A., utilizing the staffs at 

QALCIT and JPL. The course, at first, was limited to officers of the Amy and Navy, but 

later opened to selected civilian students. Lectures In the course were collected in 1946 

2 

by the Air Technical Service Conmand under the title "Jet Prcpulsion". The 799-^age 
volume was edited by Tslen and contained ccxitrlbutlons from: P. Chairibre, J. V. Charyk, 

L. 0. D.'nn, A. Hollander, N. Kaplan, Th. von Karm&i, F. J. Mallna, C. B. Millikan, 

M. M. Mills, A. J. Phelan, W. D. Rannle, H. S. Seifert, H. J. Stewart, R. F. Tangcen and 
H. S. Tslen. 

This volume exhibits, especially, ttw; ©?eat progress made between 1939 and 1946 
In the U.S.A. L. the development of Jet pn^ulslon engines of various types on a firm 
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scientific basis. Ihe papular conception ha., been built up Uiat developments during this 
period in Nazi Gennany far outdistanced American results of research on the fundamentals 
of pocket pro{Hilsion. That conception is false, for when we studied Gennan develt^inents 
after the war we found that, as far as liquid propellant rocket engines were concerned, 
they had more expertaice oily with tt»e practical aspects of large-thrust WX. engines. 
Develqments in the U.S.A. of composite long-duraticai solid-prqpellant engines were much 
more advanced. Hie tendency in the U.S.A. to warship prqphets ft?om afar was well demon- 
strated in the case of rocket prqpulsion develcpnents during this period, with some 
unhappy historical effects. 

Hie approaching end of World War II posed serious policy decisions for Caltech 
as r*egards JPL. Some of the problems were brot^it to the fca?e by von Kamm in a mem- 
orandum he prepared in 19^^ for the consideration of the Caltech Trustees c»i the possl- 

c-i 

bilities of the establishm^t of a Jet Propulsion Laboratoi?y owned by Caltech.'^-’ Von 
succeeded in convincing Caltedi to accept the CHXHT contract with the Ordnance 
Departmait, with concurrence of the AAF, to initiate the first research program on 
long-range rocket missiles in the U.S.A.^ Ife was, however, also concoTned with the post- 
war future of Jet propulsion research on a permanent basis. He wrote: "It has now become 
known that one of the great chano'ss in aviation equipment Introduced by wartime research 
will consist in the use of Jet propulsion as motive power. Hie present Jet propulsion 
equipment is yet of a rather crude nature. However, certain very definite results haire 
been obtadned and promise wide possibilltyes of application both in military and civilian 
aviation." 

Von Karmw, Sunmerfleld, TSien, and the author performed a conparative study of 
Jet propulsion systans eis applied to missiles and transonic aircraft during the winter of 
1941 *. We compared solid and liquid prxjpellant rocket engines, and thermal Jet engines 
such as the aeixpulse, ramjet, and turbojet for various applications. Ikider the ca>- 
tracts with ttie AAF and the Ordnance Department, the Laboratory soon involved Itself with 
research cn the full spectrum of Jet propulsicai engines. What is more, JPL became the 
largest single operation to be administrated by Caltech. Hie woric I initiated with the 
GALCIT Rocket Research Project in 1936 had blossomed within eight years into a major 
activity of the Institute. Hie many problons arising from a private educational and 
research Institution administrating large scade research for the gover.mwit and for mili- 
tary ^pUcaticMfis after the war, ranging from using the staff of Caltech on such research, 
to allowing its staff members to become involved in industry, and to introducing within 
the curriculum the subject of Jet propulsion engines, weio all upon us. 

Von Karman took a leave of absence from Caltech at the end of 1944 to establish 
the AAP Scientific Advisory Group in Washington, D.C.^ IXirlng 1945, I devoted more and 
more time to the prdDlems of the Caltech-JPL relationship. I submitted, in November 1945, 

56 

a memorandum on the Aiture of Jet propulsion research at Caltech. primary objective 
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was to assure the survival of JPL within the structure of the Institute. To this mi, 1 
pirt^x»ed that the Institute establish a Department of Jet Propulsion Ehgineerit^, with 
its own funds, and that JPL be operated as a govemnent facility under the new department, 
the starting point of the department would have been the graduate Jet Prc^ulsion Course 
begun in 19**3. Although the proposals I submitted were not adopted in the way I envisaged. 
Jet propulsion mglneerlng education and research were ar ed to Ceiltech's program, and 
JPL continued with a somewhat more tenuous link to the institute. 

At a rneetir^ of the Society for the Premotion of Phgineering Education at 
Berkeley, California on February 22, 19^6, I discussed the affect engineering 
education of Jet propulsion and the beginnings of astronautics, and concluded with the 
following statement: "It aw^ears that Jet propulsion develcpments have served, in some 
measure, to increase the present pressure for a careful evaluation of the curricula and 
general spirit of engineering education. The need for niai trained as research engineers 
to aid in bridging the gap between scientific research and useful application of new 
knowledge of nat'ire has been critically appreciated by those givai the responsibility for 
carrying out difficult phases of an urgently ne-ied development during the war." 

X. CONCLUDING REMARKS 

I look forward to the opportunity of presenting at a future synposlum of the 
International Acadeny of Astronautics iiy third and last Jet Propulsion Laboratory manoir. 

It will deal with the ORDCIT Project, from Its inception In 19^** to the aid of 1946. It 
was the first laig-range rocket missile research undertakai in the U.S.A. and it also 
pennitted resimpticn of rocket research for space exploration Initiated at Caltech in 1936. 

Ihe help I received from Martin Sumnerfield and Walter B. Powell on technical 
parts of this memoir, and from George Elnnerson in collecting photographs, is highly 
appreciated. 
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ixmixmn; cp •rm gqvwi iM guidaice aid conhiol systsi 
1939-1945: A IBOIR* 

Ernst A. Stelrtmff (USA)^ 

mncoucnoN 

Ihe guidance of laixich vehicles aid spacecraft can be sidtxllvlded Into two 
partial objectives: a) stabilize the ^oacecraft In the direction of Its fU^jit, ami 
b) carry out the navigation or fllgit control function enabling spacecraft to reach their 
destination. These also make possible the navigation* guidance and flight control of 
conventional airliners* so It Is no wonder that In 1939 the first rocket guidance systeoB 
corresponded closely to the techniques of airplane flight control nodes and the inertial 
stabilization systeras of ships. Durlr^ the fli^it of missiles* however* fU^it regions 
are reached tdere the air density becones too low to provide strong enou{^ aerodynamic 
forces and moments for stabilization and fll^it path danplng. Therefore* artificial dan|>- 
Ing modes have to be Introduced to coopensate for the ingierfectlons of the guidance coopo- 
nents* of radio sl0ial disturbances and related conpllcatlais* as well as the , path 
variations they cause. This necessity led to the Introduction of reaction control systans 
and electronic guidance components which could bett^ provide the needed additional 
corrections. 

W.th the Increase In flight altitude above the Eeu^th's surface* and of the pre- 
sence of gravimetric anomalies in the gravitational field of the Earth* however* these 
mefksurements are Insufficient. They require the Introduction of a reference system 
independant of such anomalies to secure the exact definition of the fUgit path, and the 
Instantaneous* true position of a launch vehicle or spacecraft* respectively. Thus* one 
must elthn* Introduce an Inertial measuring system or aiply precise and reliable STOund 
tracking of the spacecraft or launch vehicle position* or combine both of these methods. 


''’Presented at tne Sixth History Synposlvm of the International Academy of 
Astronautics* Vienna* Austria* October 1972. 


President, New Mexico Research Institute* Inc.* Alamogordo* New Mexico. 
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*nie first candidate fdr the solution of this problem involved further develop- 
nmt of gyro st^dbllization techniques to obtain a three-axial reference system that is 
space-fixed and nc>t dependant on ccxitinuous tracking of the projectile or spacecraft 
position, or, Ir. u ;her words, is independant of the gravity-field valuations. Qyros, by 
themselves, 'ar-nct accoopllsh this. One has also to be able to follow the state of the 
notion of t)ie r> .'erence system in the spacecraft in relation to its three inertial notion 
axes and ho its three rotational axes. In order to be able to descidbe precisely the 
traJectOTy or fl<^ path of the launch veHaicle or ^ncecraft. This can be acconpUshed 
either with body-fixed gyros Installed in the projectile to measure rotations md rota- 
tional rates of the reference axes of the vehicle — as this is done conventionally in air- 
planes — or with c luipment to monitor the motions in Uie directions of the body-fixed axes 
with Integrating atccelercmeters that by two fold Integration of the acceleration, describe 
the respective distances travelled in the directions of the axes Inertial axes. Because, 
at the sam; time with tiiese motions, rotations can take place, and the determination of 
the actual trajectory becomes -very complicated and requires extremely precise calcula- 
tions. only durL-ig the past decade has this been satisfactorily achieved by on-board 
digital conputers, without adding too much to the weijd^ of ballistic and spacecraft 
vehicles. However, where the control i^stem prevents the rotation of two of the axes, 
and the rotation of the third axis amounts to less than l80°, the task of the control 
system to keep the deviation for the two lateral axes to a mlninun, for ballistic missiles 
particularly, a substantial slupllficaticxn can be achieved. 

Thi.; last described technique can be applied to preprogramned ballistic missile 
and launch veiiicle trajectories, and can perform the correctlcxns for indicated deviations 
fVom the standard flight pa.. . edter the separation from the launch vehicle using the 
spacecraft inertial guidance system. Russian launch v^cles, as well as the Saturn 
system, apply this solution. The Saturn system has a triple glmbaled Inertial platform, 
on which, besides stabilizing gyros, three velocimeters with integrators also operate. 

In the case of the Saturn system, the glmbal-poslt^ ~ns are measured with digital pickups 
and reported to the digital launch vehicle control coiputer. This system makes position 
and trajectory gulda’ice avail -^'.e from the same leference system. But for the present, 
let us return to the hlstr.-"f of these systems. 

The recesslt: o create a new reference system fixed in ^pace and Independent 

of Earth reference : .tints caused Professor Schuler, in Ooettlngmn, for the fii?st time to 
prqpose a stablll.A.d ship gyro platform, to guide ships for long periods. Independent of 
the motion of the sea and also during darkness and absonce of visibility of the stars, on 
a constant, ^^recalculated course. Such ship gyros nmre developed according to Schuler’s 
proposals, under the direction of Captain Boykow, by the Krleselgeraete A.Q. in Berlin, 
and introduced into marl Ime navigation. Since the gyro retains its rotational plane 
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preclaely, the larger the ratio of the gyro Inpulae to the disturbing Inpulse the better* 
and so very heavy gyros with high inixilses were used for the stabilisation of Idle ship 
gyro conpass equ^nent. 

m the 1920s nrefessor Schuler also develc^ied a theory explaining that a gyro 
pendulum Is Independent of accelerations affecting Its suspension point tSien the imagi- 
nary lengbh of the pendultsu con?eqponds to the Earth radius. Tbday such a pendulum Is 
called a "Schuler tuned pendulum." The period of such a pendulum is 84 minutes, wd for 
many years the Schuler pendulum technique has found application in the inertial navigation 
of airplanes. However, to arrive at the eiqpected guidance precision with weights accept- 
able for flight instruments, the original ship gyro units had to be made such smaller, 
and their drift rates also had to be reduced 8 l 0 iifleantly. This effort took mwy years 
and led to the replacement of the ball bearings tar the giiBbal supports of the gyros in 
their sensitivity axis by liquid suspension or bearings, with very refined premium 
ball bearings used In the less critical applications. It was Boykow who suggested the 
use of accelerometers for air navigation. Tests with such gyro stabilizers coid>lned with 
accelerometers began In 1930, and were flight tested later. 

But large navigation deviations were observed during these tests because two- 
fold integration of even very small residuals In the measurement of the acceleration- 
vector led very rapidly to large error readings of the integrals, and the gyros available 
between 1930 and 1940 were by no means ready for this measuring objective. However, 
lnvestl 9 tos*s realized that as soon as the quality of the gyro stabiUzatlcn and acceler- 
ometers Inproved, this method would become very promising. This dlsadvantagge, howe v e r , 
sppeared nuch less severe for applications In laizich vehicles and ballistic missiles 
because they possessed much Shorter propulsion and flight durations. It appeared to be 
the way to become completely or partly independent of radio tracking and electronic navi- 
gation aids, since these often showed anomalous operating conditions and could also be 
Influoiced by electronic noise or even countermeasures. 

In 1939 aircraft navigation enployed conpass-supervlsed directional and azimuth 
gyros (or artificial gyro ho(rlzons) — "supervised" by an erection pendulun. They made 
Instrument flying possible, but were too inaccurate for navlggatlng long fUgdits unless 
the acttal fll^ path could be "ipdated" througsh radio bearings. Continuous monitoring 
of the glmbed angles of the horizon platform by the Earth's gravity vector makes the g;yro 
platform independent of the Earth's rotation since the vettlcal reference vector Is always 
again restored by the erection pendula. IMs technique, however. Is alab not af4>Ucable 
In satellites or spacecraft moving under physically weightless conditions, since the gra- 
vitational force is Just coopensated by the centrifugal force, voiding the supervisory 
effect. On the other hand, such a platform will retain an Inei^tlal crientatlcn or "space- 
fixed axis," If drift rates can be compensated or remain within adequate limits. 


205 



1HE cornniBtrnoN cf feenemjende 


REqulranents for the A-4 Flight Coitrol System 


When the first ballistic missiles were developed at Peenenuende In Poraneranla, 
IneiTtlal guidance systems were not far bxku ^ advanced to take ova* the guddance task of 
the A-4 missiles. However, the powered trajectories of these missiles lasted oily sixty- 
seven seconds, as contrasted with launch vehicles deslgrted to deliver satellites or space- 
craft, and so made the use of inertial guidance conponoits less problematic. The powered 
portions of the fll^t wex« subject to hl^ accelerations, coR|x>undlng the problem of 
systans errors, but the short time of powered fll^ In terms of error build-up for first 
and second integrals of the accelei-atlon made these effects less severe. Therefore, It 
appeared possible to use accelerometers in an Inertial reference system, permitting 
ballistic missiles to become indepatdant of fixed radio guidance stations. 

The A-4 guidance system established the bum-out locatlcxi of the A-4 powerplant 
at about 38-4on altitude. The altitude tolerance as well as the velocity vector tolerance 
had to be small oiough to limit the disperslcai of the Inpact location. We souj^ to fly 
the missile along a precomputed optimum trajectory without guidance and control errors, 
allowing impact at the desired range and direction (ballistic trajectory). The accuracies 
of the conpononts of the guidance eqiiipment and the thrust dispersions of the powerplant, 
including weather anomalies, led to a three Sl®na dispersion of less than one tenth of a 
percent of the range for the various guidance and propulsion cut-off techniques under 
consideration. In practice errors do exist, and the propulsion schedule is not perfectly 
maintained. The accuracy of the powerplant cut-off velocity depends on the absolute 
thrust level of the rocket engine, of the closing velocity of the fuel inlet valves, of 
the hydraulic resistance of the fuel lines and injection nozzles between the valves and 
the combustion chamber, and also of the hydraulic resistance of the cooling Jacket of the 
rocket engine, to name a few of the more Important ccxitributors to thrust dispersions. 
These factors, besides nozzles exit resistance, mainly Influaice the executlOTi time-delay 
of the cut-off slfflial from the burnout velocity control subsystem of the guidance and 
navigation system to the powerplant of the missile, and make thrust decay a function of 
time. The latter therefore is subject to dispersions. To this dispersion one must add 
the value of the uncertainty of velocity and altitude determination of the cut-off point, 
caused by cumulative errors of the ccxitrol, guidance, and navigation systan itself. 

To assess the magnitude of the initial errors, one has to establish an error 
budget within vrtilch the various potentlEil error source ranges have to be listed and con- 
firmed by tests. The disperslcn tolerances can be established by mechanical Improvements 
and selective groupings of interacting subsystems. In the case of the A-4 the development 
of new fuel valves of extremely short reaction times achieved the desired minimum 
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dispersion of the humout velocity. Vfe effectively subdivided the velocity cut-off pro- 
cess Into two stages: with a in«-cutoff signal, the thrust was reduced tvam 30 to 8 tons, 
resulting In a small residual longitudinal acceleration, causing the missile to "cre^" 
towards the normal cut-off velocity. IMs signal was followed by the main cut-off signal 
tdilch entirely terminated the thrust. Tine acceloratlm than went through zero, and the 
altitude and dli%ctloi of the velocity vector assumed a mean tall-off value. All the 
cut-off errors remalnlr^ at this point would retain the Inpact point Including wind dis- 
perslns during the reentry of the projectile within the acc^table dispersion rar^ 

(— .1? of range for longitudinal and lateral dl^lacemant). Bils reqiilrement still exists 
today for the delivery of spacecraft or payloads into a chosen orbit, but the required 
tolerances needed to meet the desired target accuracy of the ephemerls data would have to 
becomb still nuch smaller. 

To solve the cut-off problem at Peenenuonde we sougit to Improve the weig^ of 
maritime gyro platforms, and of artificial horizons and directional gyros of aircraft. 

The latter consisted of gyros of two degrees of freedom. There were no operatlcxial 
accelerometers possessing the required accuracies to meet the A-4 tolerance ot jectlves. 
Consititerlng the accelerations In powered fll^t, the gyro horizons pixjduced the desired 
accuracies <xily if the erection pendula were activated, «hlle the resulting gyro drift 
rates become intolerably hlfdi vdienever the erection system was turned off. These methods 
therefore required modifications to eliminate the described disadvantages and permit the 
maintonance of the locsil vertical automatically In inertial space. 

Other methods to accomplish the task Involved radio tracking and radio guidance 
methods. They allowed fll^it velocity and direction to be continuously measured and 
updated. Theoretical Investigations showed that the radius vector velocity parallel to 
the burnout point tangent on the fllgit path, measured by the doppler velocity between a 
transmitted slgial and Its return from the missile, would accomplish this. A signal 
transmitter on tlie ground, a highly stable ti^ansmitter of equal frequency an board, syn- 
chronized before take-off, achieved this. Use of this technique required a frequency 
bridge of a low time constant and high precision to obtain the necessary accuracy without 
Intolerable slgial infidelity. High measuring accuracy and extremely low time constants 
are normally diametricaLlly opposing qualities. In the case of achievement of this rather 
difficult objective, the "beat-fTequoicy" between the two slgial sources would be the 
velocity vector from the ground transmitter to the flying missile. Ftirther analysis 
showed that the two transmitter solution required a hijdi degree of frequency stability 
between the two transmitters to make this method workable. Ifowever, a solution, multiply- 
ing the frequency received on the ground and retransmitting on the new frequency, while 
the grouru-transmitter conpared the slgial returned with the ground multiplied frequaicy, 
achieved its objective. In this case, the otherwise unavoidable frequency drift between 
two transmitters was avoided and this method was adopted In practice. 
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nils method did not permit the determination of the actual altitude or of the 
lateiral displacement of the rocket vehicle. Additional range measuring equipment, placed 
in direction of the fll^ path plane and lateral to it, was needed to provide this data. 
Use of radio-navigation equlpnmt would also make it possible to measure the deviation 
irom the flight path plane, and, if conblned with rar^ measurement (as with a radar), 
provide also the approximate position and velocity in space. Additicmal gyros would 
therefore permit lnpro v ement of all measured data by the introduction of corrections. 

Developnent of the A-4 Pllidit Control and Navigation System 

In fan of 1939, we decided to begin develcpnent of several A-4 fll|^ path 
determination and monitoring techniques based on the use of gyro and inertial references 
as well as of electronic I'anging and tracking equipnmt, using concurroit single and 
multiple integration of fll^it path acceleratims to con|>ute instantaneous velocity and 
range vectors. We chose this approach because it was not obvious tdilch of the considered 
methods or combinations of methods would be successful, particularly since the radio 
methods could be very much affected in their accuracy by inteitional electixxiic 
countenneeusures . 

‘Ib plan this work cxi a broad beisls, a number of outstanding Ge' in and Austrian 
unlveralty professors wm?e invited to participate. They attended lectures concerning the 
fll^ and cfieratlonal awlronment in which *hne£isurlng equipment" would have to work, 
and observed fUllscale powerplant tests on test stands. Ihe professors unanimously con- 
cluded that the annomced task to measure vehicle poslticxi and instantaneous velocity 
vectors accurate enou^ to achieve a dispersion not exceeding the value of one-toith of 
one percent of the range was clearly outside the state of the art of that time, and was, 
therefore, impossible. However, we asked these professors to reexamine the problem. 

Eventually five of the originally invited professors returned after three mcxiths 
and proposed solutions to the problem. These solutiois were fundamental to this problem 
and still today belcxig to the methods recogiized as siqierlor for space guidance and naviga- 
tion applications. Ihis can be termed a surprising turn of events when compared with the 
outcome of the deliberations and conclusions of the first sessicxi. Ihe progi^ess made 
since 1939 is represented by the iirprovement of the achievable accurac i or reduction in 
dispersion for gyro subsystems and integrating accelerometers by a factor ftom lO"' to 10 , 
while radio guidance and inertial navigation methods proposed even today can be met or 
surpassed only by use of atomic frequency standards and with digital computers of hig^ 
accuracy. Some of these very pessimistic professors, as time went on, became aithusiastlc 
participants in the search for solutions to problems which the young space guidance and 
navlgaticHi discipline was facing in 1939* Iheir contributions will be discussed later in 
some further detail. 
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As Indicated earlier, accelerometers of rather measui'emertt precision, as 
well as an^jlar rate and angular acceleration indicators trtilch pemit integration of their 
outputs, have played an increasingly lirportant role in space navigation tasks. These have 
contributed substantially to the subsequait Increase in achievable accuracy and the sim- 
plification of the equipment used for these purposes. All lnte©?atlons, even if their 
Initial errors affecting the integration constants are vary small, can gprow to very large 
numbers over time. Hais, high measurement precision and component quality have to be a 
major design goal. In 1930 an attempt was made to navigate an aircraft equipped with a 
gyrostabillzed platform and mechanically integrating accelerometers mounted on it. Ihe 
fli^t, which departed from Berlln-Adlershof, was discontinued and the attempt terminated 
after three hours of flying time when the aircraft equipment indicated a position some- 
where in Australia, while visual observations confirmed the aircraft position to be at 
the western border of Gennany, near Holland. 'Bie reastai for this very substantial dis- 
crepancy lay in the lack of precisicvi equipment. 

Ihe lack of knowledge about desirable subsystem properties for the desigi of 
such navigation subsystems to achieve the desired accuracy prevented the establishmait of 
adequate desigi criteria. Only adter 30 years of superior and costly develcpment efforts 
would the state of guidance tecbnologsy advance far enough to provide comnercial alrci>aft 
the ability to navigate without radio aids over thousands of kilometers and flight dura- 
tions of seven to tai houirs, with an average position uncertainty of only cme to two 
kilometers. Erom this exanple one can Judge the developmental tasks we faced in 1939, and 
why the professors hesitated to associate themselves with such an apparently hopeless 
endeavor that only could be attempted with youthful optimism. 

TECHNICAL SOLOTICTtS TO THE SPACE NAVIGATIC»J PROBLEM AND THEIR MEX3MNIZATI0NS 

Near the Earth's surface, using the local vertical of the gravitational field, 
the knowledge of oriaitation of the horizon, and the geograpMc North direction and an 
altimeter, one can determine alixjraft position accurately. This also can be accomplished 
with gyros providing an artificial horizon, an accurate altimeter, and a gyro conpass 
monitored by a magietlc remote compass, or by using a gyro stabilized inertial platform 
and applying again gravity and the magietlc North tie-in to correct or conpensate for gyro 
drift, and the altitude above sea level. These techniques provide aircraft location and 
its vectors of motion with, for most purposes, adequate accuracy. 

For greater distances frtm the Earth's surface, without access to accurate sur- 
face fixes and horizon references, continuous accurate navigation of a spacecraft and 
detenTilnatlcn of its state of motions is only possible with additional well defined and 
accessible references, such as accurate orientation of the Earth horizon, or knowledge of 
the physical center of the Earth, of directions to the center of the Sun, and/or the Moon 
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or reoDte stars or planets besides using inertial reference equipment. Iherefare, in the 
case of the A-4, the Oenoan Rocket Research Center developed in parallel more or less 
scphistlcated inertial and body fixed gyro references using singly or nultiple Integrating 
linear and angular accelerometo^s, as uell as more sophisticated stationary and mobile 
radio navigation, radio beam- or plane-rider navigation systems, to monitor the flight 
control system of this ballistic missile, nils was done to obtain two to three ind^>en- 
d«it methods, using dlfferait physical concepts and a range of fabrication precision and 
costs, that could be optimized for a variety of navigation objectives. 

The first group of this equipment combined an aircraft autopilot with fixed 
and mobile radio ranging and rangen^ate equipment. It used the radio position mid veloc- 
ity fixes to correct flight path deviations and permitted, with the aid of en Inertial 
angular rate measurement, successful fll{^ path stabilization. Another method. Independ- 
ent of radio navigation aids, consisted of strapped-dom, alrftame fijKd, directional and 
rate integrating gyros, combined with accelerometers, integrating lUUy or partially the 
readiness In all six degrees of motion states, and thus stabilized the flight path and 
rotational axes of the ballistic missile. Ety computing the burnout velocity of the rocket 
engine, referenced to a standard trajectory that combined target pareneter tolerances 
tMch statistically averaged to errors of less than .15 of the range, we achieved this 
objective. Use of a standard trajectory permitted correction of deviations based chi 
standard values only, and can be c^lmlzed so that the effect of the deviations is 
minimized. 

Ihe solutions to the standaixl trajectory deviations were not abstract (mathe- 
matically rigid), and we expected that the burnout errors, and ccHisequently the target 
dispersion errors, would be large. Against all expectatlcxis, however, these slnpllflca- 
tlons of fli#it control and navigation equations permitted a closer and more accurate 
flight path control than would have beoi expected of these simplified control and naviga- 
tion methods. Hie magiitude of the deviations was clearly a function of the thrust 
deviation fhom the standard engine thrust versus altitude relation, caused mainly by the 
degree of match or mls-match of the powerplant subsysteics «d»se values are dependmit upem 
calibration and quality-control, and subject of conpcxient matching and consideration of 
cumulative tolerances. Careful matching and select Ixxi of compcxients Influenced such 
devlatlcHis favorably. 

ihe third kind of navi^-atlcHi and flight control system used a hif^Uy precise 
(for 19^3) three-axis stabilized platform with two longitvidlnal accelerometers and one 
lateral accelerometer. Ihe readouts were Integrated once, and of one twice, to yield a 
powerplant cut-off velocity that approximately compensated for thrust deviations and 
burnout altitude errors or burning time deviations, respectively. In a seise, since the 
two longitudinal accelerometeiis Integrated along two different axes slanted In the 
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vertical trajectory plane, these vertical and horlzc»ital velocity conixxients actually had 
their greatest soisltlvltles based on a desired burnout trajectory taneait. 

Ihe fll^ path of an A-4 equipped with this fully Inertial navigation system 
thus used a standard trajectory. 'Bus pitch defLectlcxi followed a hl^ily precise pre- 
conputed time sequaice which, for the nominal range, reached a burnout deflection of ^2®, 
a value somewhat range dependent. To achieve this deflection, a precision timer rotated 
the base of the pitch-angle pickup so that Its zero dlrectlcoi at all times pointed In the 
first approximation In the direction of the desired fli^it path tangent, reduced by the 
Instantaneous ang^e of attack In pitch. To determine the proper time of burnout, one of 
the accelerometers was mounted speu^flxed on the platform. Its measuring axis at take- 
off was pai^allel to the precomputed burnout tangent, and remained so throu^xxit the pow- 
ered flight. The Indicated first Integral of Its acceleration resulted In a velocity — 
tdilch was characteristic of the burnout velocity even If the burnout altitude was not 
correct and would lead to a shorter or longer range— depending (xi vtether the burnout 
altitude deviation was negative or positive. 

Die second accelerometer was inclined forward so that Its axis at the launch 
table pointed to the nominal bumcxit point In space. Its time-related output was Inte- 
grated twice and r^resented a distance characterd-stlc for the location of the burnout 
point In X- and z- directlcxis. If this point In time v«as reached later than at the nom- 
inal burnout time and the velocity indication was approximately correct, the missile flew 
a steeper trajectory and. If uncorrected, overshot Its teuTget. The burnout velocity of 
the first accelerometer therefore had to be reduced by an agpproxlmate amount to yield the 
proper range. Therefore a con&lnatlon of the two accelerometer read-outs after their 
respective Integration yielded the required corrections. In reality, this c€use was some- 
vhat more complex than described since wind effects deviation of Its Inflight mass and 
varlatlcns of the drag of the missile, besides azimuth angle and thrust deviations, affect 
the result (effect of Earth rotatlcxi versus time of missile flight). The lateral acceler- 
ometer also compensated for lateral wind effects and dynamic oscillations of the missile 
due to gusts and lack of aerodynamic damping, by using the second Integral of the lateral 
deviation to ke^ the lateral deviations as small as possible and, using the third Inte- 
gral, to compute a **crab angle" to compensate for wind effects, aerodynamic unsynmetrles, 
etc. In the lower portion of the trajectory. 

The sensitivity axes of the gyros normally were equipped with ball bearings 
elected for the lowest friction. Tb reduce the sensitivity axis frlctl<»i even further, 
our two main coiitractors for these gyros chose fluid suspended bearings (Siemens) and 
gas bearings (Krelselgeraete Ckn. b. H. ) to accomplish this objective, and applied It 6dso 
for the Integrating accelerometers. With the exceptlcxi of a Northseeking Gyro, however, 
these developments did not reach serial production before the end of World War II (But 
the Northseeking Air Bearing Gyro was used during the war for artillery purposes. ) Since 
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the burning period fbr the A-4 missile amounted only to 67 seconds, the deviations of the 
Integrating accelerometers were quite small despite the hl^ "g”-levels of the trajectory 
(^5 g), and almost achieved their design goals, but their reliability. Including that of 
the control electronics, was not as satisfactory as we desired. 

As an alternate to the tnlrd method, lateral deviation meaisurements from a radio 
guide plane wm?e enployed together with the gyro stabilized Inertial platform system to 
reduce lateral dlspersl(»i. Besides the dlsplaicemait Itself, this arrangement also used 
the first and second derivative of the lateral displacement as well as the Integral of 
the lateral dl^lacement to conpoisate for wind effects and aerodynamic unsynmetrias of 
the yaw plane. In addltlcn, this systan enployed the all electronic analog fll^t coir 
puter (Mlschgeraet or mixing conputer), fll^it tested In aircraft before deployment 
missile firings. We found that the natural frequency of the yaw respcxise could be sig- 
nificantly Increased, with a concurrent Increase of the yaw danplr^, by giving lateral 
dlsplacemoit, lateral displacement rate, and the rate of change of the lateral dlsplace- 
niMit Into the roll channel of the fll^it ctxitrol system. This latter technique was not 
applicable to the A-4, but would have been of great value for the winged A-8 vehicle. 

Since only two of these were flown without fU^it navigation, this techilque was cnly 
applied to aircraft. Ihe stability and effectiveness of this technique was amazing even 
at anall distances from the guidance transmitter; the aircraft could fly stable directly 
over the transmitter at low altitudes without changing the gain-settings, optimum for the 
far field cf the guidance plane. 

Before lift-off of the A-4 missile, the gyro platform was erected by two pai- 
dula, a procedure tdilch took between 20-to-30 minutes to satisfactorily level the plat- 
form. Ihe erecticai system was switched off Just prior to lift-off. At the same time, 
the displacement signal channels, zeroed out to prevwit too early deflecticwi of the con- 
trol surfaces at lift-off, were switched on and the gedn fact'^rs Increased to their 
optlimxn value, which varied with the location on the fligit path. All gyro, accelerom- 
eter, and integrator read-outs wa?e approximately multiplied by the respective gain set- 
tings and mixed Into the correspcxidlng control axis channels by a fUlly electronic analog 
fllgtt conputer, and the slgial outputs transmitted by wire to the servomotors at the Jet 
vanes and aerodynamic control surfaces. The "fly by wire" technlqao was known already at 
that time, and was also sqpUed to one of the two test aircraft used to (^“velc^ all the 
electron! fl!^^ control techniques for the A-4. On the seccxid aircraft, the control 
deflections were Introduced thru a clutch system to the noimal push rod linkages of the 
autopilot, which separated the hand conti?ols in case of use of tlie aiitqpllot. Both hydrau 
lie and electric servomotors were used. Ey means electric feedback of the control sur- 
face deflections and use of low Inertia amatures (rotors) In the electric motors, the 
time constants of two types of electric servomotors could be reduced to four millisec'.. : i . , 
which was adequate to retain the control response frequencies above bending and torslcaTal 
flutter modes of the missile structure. 
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Also at that tiiie, maffietlc airpllflers with feedback were devel<^)ed that ¥ 
uneffected by vibrations. Ihey permitted, in several anpllfication stages, hl#i . .^ca- 

tion ratios, but avoided the sensitivity of electron tubes against acoustical am v ra- 
ticxial noise. A parallel effcnrt to achieve this objective involved the semicand>:rtor 
developments conducted by Professor Welse cJ the Itechnical Uhiverslty of Stuttgazi;, later 
the Uiiverslty of Michigan, that can be considered forerunners of the later transistors 
and diodes. I would go too far to describe all the individual effoirts and solutions that 
advanced control and navigation techniques that time, but among those who contributed 
were: the late Professor Leo Brand (1971+)* also the late Professors Hueter, Ktrschsteln, 
Vleweg and Dr. H. Steuding, and sdso the still living Professors Buchhold, Busch, Flschel, 
Kramar, Carl Uagner and Ublmari, as well as Ek*. John Oievers, and my fanner coUegt;«s 
Dipl. mg. Josef Boehn (-f), Dipl. mg. Karl Bruetzel (■<■), Dr. Kurt H. Debus, Ek*. Hans 
Fk*ledrlch (-f), ijr. Emst Qelsler, Dr. Relnhold Schubesrt, Dipl. Ing. Werner K. Oengelbach, 

Dr. Hens Qruene, Dr. Walter Haeussermann, Dr. Helsut Hoelzer, Dipl. Ing. Otto Hoberg, 

Dr. Joachin Miehlner, Dipl. Ing. Erich Neabert, Dr. Helmut Schlltt (■«■), Dipl. Ing. H. J. 
Oengelbach (■(■), Dr. Walter SchNldetzki, Dr. Emst Stuhlinger and ET. Hugo Woerdemann, a 
large rmixr of tdxxn became very prcmlnent In the U.S. iqpace effort, '«hile others helped 
to usher in the European space effort. It was a true and remarkable effort. 

All these men have to be recogiized for their outstanding contributions and 
creative engineering achievements in their I'espectlve professional disciplines that 
Included many pioneering engineering and scientific Itviovaticais of the hi^iest caliber in 
the fields of flight control. Inertial and radio giidance, mathematical modelling and simu- 
lation, and navigation technology. Hsuiy of these scientists continued their outstanuing 
contributions to the science and technology of space fll^t into more rec«it times. Gn the 
American side, the progress achieved since World War H is based on the outstanding pioneer- 
ing efforts of particularly Dr. Charles Stark Draper, Director of the MIT C.S. Draper 
laboratories, and his close associates Etof. Walter wngley. Prof. R. H. Battin, Dr. David 
Hoag and the many outstanding rembers of this excellent laboratory and others, vrtio con- 
ceived and developed the extremely ccnplex /^^llo flight and navigation system.* 

I would like to emphasize three particular technical soluticxis that have Influ- 
encad even recent technical developments, m 1939-19^0, Dr. Hoelzer, the Chief of the 
Fll^t Contml and Quldaiice Dlvisim of the Peenerauende Pocket Research Center, developed 
a fully electrcxilc analog conputer that appears to have preceded all similar developments 
reported In the professional literature. Within a month it was applied to fli#kt path 
simulation of ballistic missiles and grou I to air missiles (the "Wasserfall" Anti Air- 
craft Qulded Rocket), as well as a training device for Joy-stick control of qptlcally 
guided missiles. During the same period it was adapted to 8ei?ve as the all electronic 


*See C. Stalk Drcper, **The Evolution of Aerospace Ghildance Technology at the 

Massachusetts Iiatltute of Technology, 1935-1951: A. Memoir," In this Volune-ta. 
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fllg^ coaputer of the A-4, its asln task. TWo of these sets were converted to night 
test units on two aircraft where responses to flight nwieuvers were recorded. Based on 
the success these units, we decided to use then as autopilots for these aircraft rather 
than the factory Installed units. This decision led us next to suparlopose on the auto- 
pilot inputs the signals cf the radio guidance signals. Both applications turned out to 
be a great success. 

Die Ib:«iselgieraete Oonporaticn developed a pendulous gyro accelerometer #iich 
integrated the acceleration produced by the thrust of the A-4 powerplant to the longitu- 
dinal velocl^ vector of the A-4. Die nuaerical value of this acceleroneter was used to 
cut off the poweiplant at predeteradned value. Since the sea level thrust variation of 
these powerplants did affect the burnout velocity, it became necessary to apply burning 
tine corrections to reduce the dlsporsion Ir the range of the ballistic nlsslle. Diis 
was achieved by naking a contact position of the velocity cut-off device variable with 
tine, so that the integrator oit off at a lower velocity if it cook longer to reach the 
preset speed. Dds integrator, a very slnple device, showed In laboratory tests to be 
accurate in terms of a velocity uncertainty at bum-out, ccrreapondlng to .IX uncertainty 
in range dlqporsion, fUel valve dispersions included. Also, inder fli^xt conditions of 
the A-4, this device proved remarkably accurate. 

A thlixl invention by nrofbssor Carl uagper Involved an electrolytic cell with 
silv«>-lodide serving as the electrolyte. It was used to integrate the electric current 
output of the Krelselgietaete, Inc. <aid Buchhcld accelerometers to the burnout velocity. 
Also, this cell was an extraordinarily staple integrator, remarkably accurate for the time 
pt..iod and the onvlronnent in which it was used. Prior to the takeoff, the cell was 
charged with a well defined aoBll current, proportional to a small component of the gravi- 
tatloral field. By converting acceleration Into a dc current we received an output pro- 
portional to the numerical value of the acceleration conponent. Tb reach the cutoff 
velocity specified in the firing tables, one Just had to nultlply the small conponent of 
the gravity to obtain the charging time necessary to store the cutoff-velocity in the cell, 
following the equation: 

^ Inhere - 1650 msec-^ g - 9.81 msec“2 

^ * o ^^l g ~ * 

Using a vertical dividing circle, accurate to one arcsec, a timing accuracy of 

.1 second, and a tilting angle of the accelerometer . 60.0 degrees ±1 arcsec, the accel- 

—6 —2 

eratlon would be Integrated accurately to t.422 x 10 msec . Kre Inc. devel- 

<ped air bearing levels which could measure the horizontal plane til or^^ste to one 
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arc-second. Since autonatlc timing devices of nuch more than .1 seccnd accuracy were 
comm state of the art, the velocity uncertainty of the integration could be held to 
much lower values than indicated above, lie charging process consisted of the electro- 
lytic deposition of pure silver, removed from the electrolyte, on one of the electrodes. 

At take-off, the acceleration signal was simply reversed at the instant of lift-off and 
began to discharge the cell. At the instant of removal of all metallic silver from the 
cathode, the voltage across the terminals of the cell changed significantly and actuated 
the cut-off signal sequence. Ihls integrator, except for the release, had no moving 
parts, was not sarisltive to accelerations in the measuring direction, and proved renartc- 
ably reliable. 

All power cutoff sequences at that tine used a precutoff and a main cutoff 
ccmnand signal st^^lled by the flight contz<ol confxxter and its ineirtlal subsystems. The 
pi«cutoff signal closed the main fUel valves; a by-pass valve continued to furnish 
aiqproxiinately 30jt of the fuel, on accouit of residual drag at the altitude of cutoff and 
the direction of the flight path tangent at buxnout, i^ediulng the remaining acceleration 
to near zero. Wh»n the now slowly changing longitudinal velocity component reached the 
preset value, the main cutoff signal was activated, t^mlnating all fuel flow. Of all the 
above quoted examples, the techniques introdixied by Dr. Glevena and Dr. Hoelzer have 
fomd "permanent employment" in space technology. Thus, the technological advance of the 
state of the art eruanating from the early ballistic missile develcpmaits at Peenenuende 
must occipy a prominent place in the history of rapid teclnological advancements of the 
twentieth century. 
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EHHODUCnCN 


Guidance tectnology based on automatic, self-contained, onboard equipment for 
'vehicles moving in six degrees of freedom tilth respect to the surface of the Earth has 
progressed ft*cm non-existence to practically Its ultimate potential effectiveness over a 
span of not much more than three decades. Beginning in the early 1940s with the Gennah 
development of the V-1 and V-2 missiles, and tilth other achievements in the USSR, the USA, 
and other countries, rapid strides In effective guidance for airplanes and spacecraft 
ha've been made with substantially universal acceptance of demcxistrated principles a 
certainty as progress continues. 

A strong interest in guidance, that conplex of operating flmctlons causing a 
dlrectable vdilcle to move along some path to acconpllsh Its assi@ied mission, began for 
me in 1919 at the university of Missouri, nd»i I wait on my first aiiplane fll^t In an 
"OQC JEltff." I transferred ftom Missouri and received a Stanford Bachelor’s Degree In 
1922. After graduation from the Massachusetts Institute of Technology In 1926 I mroUed 
In the Army Air Corps Reserve Officers Training Corps and attended flying school at Brooks 
Field In Texas. During the last yeaz^s of the 1920s and early 1930s I ovmed and flew an 
0X5 ROBIN airplane. Even thou^ the plane's performance was low, federal regulations were 
not yet In operation, so it was possible to fly and e]q>erlnient at will In all kinds of 
weather. At this time I was on the Instructing staff and later the faculty of the D^»rt- 
ment of Aeronautical Engineering at M.I.T. , with free and conplete access to measuring 


"*’ft«sented at the Fifth History Synposium of the International Acadetay of 
Astronautics, Brussels, Belgium, September 1971< 

^^Instltute Professor Emeritus and President of the Charles Stark Draper 
Laboratory Division of the fbssachusetts Institute of Technology. President of the 
Intematlonal Academy of Astronautics. 
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instmnents and machine tools. While teaching In aeronautics, I also worked toward a 
Doctor of Science Degree in Physics, with a Mathematics minor for specializatioi in 
advanced geometi7 and mechanics. 

Because the professor ydx> tau^t the ccHirses in Aircraft Instruments left 
M.I.T. , I was offered and accepted the assigrinent of teaching this subject. No systematic 
treatments of ^ cry or textbooks of any kind were available. Ccaisequently, there were 
no restrictions cm fonrulating conc^ts, planning attacks, experiments, teaching patterns. 
Instrument desigis, and fli^t tests. This environment made it possible to identify, 
study, and find solutions for all phases of Infometrics (the conplex of activities deal- 
ing with the saislng, transmission, processing, evaluation and use of informaticMi) 
associated with the cperatic«i of aircraft. As an instructor in the Aeronautical Power 
Plant Laboratory, I worked under Professors C. F. I^lor ar^ E. S. Taylor, and devised 
instruments for measuring engine pressures and vibration. Ihis work attracted support 
from the National Advisory Ccximittee for Aeronautics and the IMited States Navy, pex^ 
mitting me to start and maintain a snail laboratory with a few assistants. These 
activities were established during the early years of the 1930s and in effect gave a 
start to the organization that eventually became the Charles Stark Draper Laboratory 
Divisicxi of the Massachusetts Institute of Technology. 

PRELUTE FOR INERTIAL NAVIGATICX4 SYSIE^B 

Although the work with instrumo^tation during the 1930s was largely asscxiiated 
with aircraft engines, my stroigest Interest lay in forroulating the problems asscx^iated 
with guidance, and designing equipment for meeting the requirements of operational situ- 
ations. During and before the 1930s, radio adds for navigation were rudimentary, and, 
to make matters worse, owners of private airplanes usually could not afford receiving 
sets capable of satisfactory results. Weather reports were not generally available, and 
flight plans, except at the most iirportant airports, were not required. The net result of 
all these circumstances meant that the private pilot c 'dd easily bo caught in zero visi- 
bility, and reduced to his own resources without the possibility of help from ground 
stations or any other aircraft. Situations often developed in which good luck was 
required for survival, even if one abandoned all thought of mission acconplishment • 

In several instances, a combination of poor weather and poor jud^nent left me 
with that "hopeless feeling," under conditions of substantially no visibility for seem- 
ingly very long periods of time. During these periods I waj licky to renain alive. How- 
ever, after several bad experiences, and time to think over the consequences of events 
that occurred, I came to analyze the factors that combined to make safe flight lirpossible 
without visual contact with the Earth. The fundamental difficulty, of course, was the 
absence of geometrical Infonnation about the position, orientation and motion of the 
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airplane with respect to the Earth. TWo basic deficiencies were involved; first a clearly 
defined reference space In tdiich orientation of the airplane could be judged, and second, 
a reference qpace, idilch migdit be the same one as that providing orientational references, 
from idilch direction of travel and linear speed of the aircraft with req)ect to the Earth 
could be estimated. Crloitation, that is, roll and pitch about "horizontal" axes, and 
yaw, the angle from north, were needed for naintalnlng stabilization (angular positions 
about three axes well oiough defined for the maintenance of safe fU^it tdille ;a?ovlding 
reference directions rrm which maneuvodng changes in attitude and direction can be 
made), tAile the position, direction, and speed over the Earth were essential knowledge 
for navigation toward selected destinations. 

(kdentatlonal references for the puiposes of fU^it stabilization were first 
provided In practical fU^ instruments in 1928 with the Artificial Horizon and 
Directional (lyro devel(y>ed by Elmer A. I^>erry, Jr. , for the Guggenheim Blind Flying 
Experiments of James H. Doolittle. The instrunents gave indications showing aircraft 
deviations in roll, pitch, and yaw, reed from dials by the pilot. With these Indicated 
deviations, the pilot could stabilize the aircraft through his usual control movemmits 
Just as he would have applied Infoimatlcxi ft:xxn visual observations of the Earth's surface 
on clear days. The ^rry Instrummits were for stabilization only, and provided angular 
outfxits good to a few degrees of angle; rou^ outputs by navigational standards, but 
adequate for maintaining control and reasonably good fll^it directions for human pilots. 
The i^jerry devices did not indicate the position or velocity of the aircraft with re^ject 
to the Earth, and thus offered no direct help with navigation. 

To be sure, some discussion of determining the position changes of aircraft by 
double integration of Indicated accelerations did Indeed take place among aeronautical 
engineers during the early 1930s. But recc itlon of the high eiccuracy required and the 
need to s^>arate effects due to gravitational fields ftxxn inertial reaction forces, led 
to the near-universal conclusion that the development of necessary Instrumentatlcxi would 
Involve very great difficulties. Therefore, most engineers and designers decried any 
attenpt to develop self-contained guidance systems based entirely on Newton's Rrlnclples 
of Inertia as a waste of time and money. 

After some fifteen years experience and study of the theoretical and englneez*lng 
proglems associated with creating Inertial guidance equipment, I came to disagree with 
this conclusion. At the same time, however, I also became convinced that creating practi- 
cal means for guideince of this kind would bo very, very difficult. Pamlllarity with 
state-of-the-art technology made me certain that "off-the-shelf" devices offered no real 
help with design or construction. Everything, the elements, conponents, and subsystems, 
would have to be imagined and created from theory, engineered, built, tested, prepared 
for production and operatlcxial service "starting frtm scratch." Substantial support for 
several years would be necessary if significant results were to be achlevea. But support 
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of this kind was siiqply imvallable during the 1930s. Consequently, beyond a few thesis 
projects, studies In practical "blind flight" at the Boeing School of Aeronautics in 
Oakland, California, some flight tests of conventional aircraft Instruments, and slow but 
careful develc^xnent of theory In mechanics with particular stress on gyroscoplcs 
Incorparated Into graduate student subject matter, I placed inertial guidance develop- 
ments on an inactive status until more favorable conditlois nd^it ajpear. 

For self-contained guidance systene, the ftandamental problems Involved using 
instruments to accurately Indicate changes in six Independent geometrical quantities, 
three rotations about mutually orthogonal axes, and three linear translations along these 
or three other mutually orthogonal axes. Hhe g»ieral perfonnance objectives for measur- 
ing devices to deal with the geometrical quantities essential for Inertial guldarKse had 
to fall Into a pattern similar to the typical behavior of watches as indicators of 
elapsed times after the arbltraid.ly selected Initial Instants. In addition to measure- 
ments of this kind — for changes in three angles and three translations from ccxiflgura- 
tlons chosen gmierally for convenience — indications of velocity (rate of change of posi- 
tion) and acceleration (rate of change of velocity) as direct or derived sigials were 
also required for guidance system outputs. 

Just as specific uses determine the performance requirements for watches, the 
use irade of geometrical quantity sensors would set the quality of results desired from 
overall systems. For exanple, good watches may accunulate errors at rates no more than 
factional seccxids per day, «Mle quartz crystal or atomic oscillators can be >ullt to 
realize accuracies in the range of one part in 10^® and better. This wide ^ctrun of 
perfoiroance in measurements of time required many years of development before it became 
a natter of practice. Likewise, cxie could reasonably expect that some years would be 
needed to bring seisors for inertial quantities to corresponding levels of perfonnance. 

Ihe performance required depwids upon the following circumstances existing on 
our planet. On the Earth's surface, one minute of arc angle between local vertical 
directions means that a distance of one nautical mile (6,000 feet) has been passed on the 
Earth's surface. The coiTe^XMxiing distance for one seccxxi of arc (1/60 of a minute) is 
1/60 of a mile, so that a devlatl<xi in allgiment of referaice coordinates to the vertical 
of one second in magnitude would produce a navigational indication error of one hundred 
feet. Therefore, the angular refererwe coordinates carried by an airplane had to have 
angular uncertainties with respect to the Earth not greater than a few seconds of arc 
about horizontal axes if this subsystem was to give accurate indications within a few 
tamdred feet. 

Instrunaits mounted on stabilized members to sense acceleration conponents for 
navigation conputaticais would, in practice, actually sense not acceleration alone, but 
"specific force," the resultant of gravitational field acticxi and inertial reaction. The 
signals representing specific forct ccnponents would have to be "corrected" for 
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gravitational field effects In the confHiting system tliat would also provide sli^e and 
double integraticxis to produce Indications of changes In velocity and position. If 
errors In posltlcsi on the Earth's surl^e were to be limited to not more than a few 
hundred feet during a flying time of about one hour, ^>eclflc force receivers had tc have 
perfomsunce characteristics that allowed them to deal reliably with changes on the order 
of one ton thousandth or less of one Earth's gravity. 1 conducted various mathematical 
studies of the performance needed for Ineirtlal quantity sensors to serve as coqponents 
for on-board aircraft guidance systems with my colleagues, notably rrofessor Vtolter 
Vbrlgley and his studonts during the last half of the 1930s and the first half of the 
1940s, and by 1945 the Instrument performance characteristics required for Inertial 
systems were generally well recognized. 

Under the Inpetus of World Uhr II, radio aids for navigation received great 
attention and siq;^rt. Ey war's and, civilian and military airplanes carried equlpmait 
that anabled pilots to navigate quite well under all weather conditions. Of course, 
positive results depended upon the cooperatlai of favorable radlatlcan aivlronments from 
extensive ground station netwoxics designed to complement adnoard radio equipmant. How- 
ever, I still remembered ny days of flying without external nids and retained a strong 
personal Interest In the challange associated with creating self-ccntalned, can-board 
guidance systems not requiring radiaticxi contacts with external statlcxns or points of the 
Earth. 

Inertial guidance system develc^ments received no significant support In our 
laboratory during the early 1940s. But aneny control of vast territories during World 
War II soon stimulated funding of self-contained on-board equipment for aircraft guidance. 
Because such systems did not require help from outside stations and could not be put exit 
of action by any measures short of actual physical destruction. World War II experiences 
caused Air Force officials to consider develc^xnent of Inertial guidance systems as 
essential for future capabilities. Late in 1945 Colcxiel (now Lieutenant Oeneral, retired) 
L. I. Davis, the Commandant of the Armament laboratory, who had been ny graduate student, 
and his chief scientist. Dr. J. E. Clemens, translated their understanding of inertlad 
guidance possibilities Into sipport for cur Laboratory. Shortly thereafter, we began a 
project to deslgi and build an experimented system. The following sectlcm of this paper 
consider this work and the progress achieved during the period ending in 1951. 

ACTIVITIES DURING TOE FIRST HALF OF TOE 1940s 

Aerospace guidance was not an area that provided sponsors fca? Laboratory 
activities during the first half of the 1940s. In face, during the leist half of the 1930s 
the Laboratory was lai^ly concerned with aeronautical power plant Instrumait projects— 
particularly with creating engine analyzers for lojig fll^s over water. Graduate courses 


223 



on Instruneritatlon that I tau{$it attracted a nunber of Navy and Air Corps officers In 
addition to civilian students and, until 1939* I continued to be especially interested in 
the generalized geometry associated with aircraft motions and also the consequences of 
Newton's Laws for linear and rotational motions of rigid bodies. Progress in these areas 
cazae from pr^>aratlons for lectures* laboratory woiic* and thesis projects associated 
with educational activities of the laboratory tMch was then* as it always has been 
during its existence* an Integral part of the academic section of the M.I.T. Aeronautical 
Ehglneering Department. 

During the early phases of World War II* multiple air strikes at surface vessels 
had sad results for ^dps of the Allied Navies. At this time N.I.T. students* faculty* 
and members of the Instrumentation Laboratory became strongly concerned with developments 
of equipment to provide protection against such attacks. Existing guns and their sissocl- 
ated fire control eqiilpment had beai designed for battle among surface vessels and were 
so large and heavy that only a small nunber of systems could be Installed aboard even the 
largest ships. Ihese gun projectiles were larger than necessary to destroy airplanes with 
direct hits or evmi near misses* tdille their rates of firing were slow. Ihe equipment 
Available for pointli^ guns depended on cvnbersome mechanical arrangements for geometrical 
transformations between tracking coordinates* conputlng coordinates* and fi nally the deck 
coordinates in tdilch gun movemmits had to occur. Ihe control systems were not only large 
and heavy* but were so sluggish in action that the airplane's relatively high speed nade 
it possible for them to conplete their mlsslcxis and fly safely away without much dar^r 
IVom anti-aircraft shells. 

Deslgis for repid aictlng machine guns firing projectiles capable of destroying 
airplanes by direct hits were available* with large sceile production cxdLy a natter of 
assigning adequate resources to the task. But equipment for rapidly and effectively 
pointing these gin.s was another matter entirely, because the bulk* ccnplexity* and cost 
of existing devices* even if they had been effective* made it Infx^ssible to provide con- 
trol far each gun cr group of guns. The general approach used for the gun desi^i was not 
adaptable for reductions In weight* size* caiplexity* or si^iiflcantly lowered costs. 
C(»isequently* during 1940* we directed our attentlcm toward this problem of providing 
rapid and effective anti-aircraft fire control for machine guns carried by naval ships. 
Because we became involved almost exclusively with classified projects, the Laboratory 
was now given the new name of COhf'liAl^llAL INSITIUMENTS lABORATC^. 

The aiglneering problems Involved developing fire control units (1) weighing 
not more than a few t«is of pounds* (2) able to operate satisfactorily while mounted 
directly on the cradle of a firing machine gun* (3) requiring no more than a few minutes 
training time for noimal hunan beings to become competent operators* (4) having good 
reliability* and (5) priced at not more than a small fraction of the cost for can- 
ventional fire control equipment. The capabilities for providing gunslghts were based 
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on adaptations of models already built earlier. The success of our c<»io^ts and equlp- 
rowit, designed and produced by the Sperry Gyroscc^ Conpany and associated extractors, 
was clearly demonstrated during many ship and aircraft xcounters during World Var II. 

Ihls achievement brexa^t the laboratory, now renamed the TNSMVENFPHICH LABC^T^V, wide 
recogiltlx. It also generated the background of ideas, cadres of pecple, and equipment 
necessary for assimiing tasks In guidance based an Inertial principles. 

On the engineering side, the development of naval antiaircraft fire ccntrol 
systems and airborne equipment for fi^iters and bombers permitted us to create and reduce 
to practice several uncxvxtlonal viewpoints toward dynamical theory. later these 
viewpoints became key factors in desigis for the basic conponxts of inertial systems. A 
brelf look at the principles applied is not only useful but essential for understanding 
the fundamental background in discussions of later developments. Ihe theoretical back- 
ground is based x ^^ewtx•s Law of Inertia trtiich states that the vectx change In momMitun 
of a mass with respect to inertial space is determined by the applied force, being in the 
directix of the force, proportional in magiitude to the magiitude of the force, and 
Inversely proportional In mawiltude to the magnitude of the mass involved; applied to 
rotatixal notion, this law becomes the statement that the time rate of change of angular 
momentum of a body with respect to inertial space is equal to the applied torque. 

Students of mechanics are well aware that for bodies of generalized shapes with 
forces and torques arbitrarily ajpUed, the mathematical expressixs for the resulting 
motions are coitplex, and descriptions of behavior quite involved. Yearj of study had 
brought me considerable familiarity with the exhaustive treatments found in conprehxslve 
textbooks. But practical experlxce had cxvlnced me that, for engineering purposes, all 
the essxtlal actions of sensing devices could be derived ft?om theoretical assumptixs 
of relatively simple mechanical arrangements. The basic ideas were elementary, and 
corre^xjnded to desigi parameters that could be adapted to practical constructions by 
slnpllfying the slx-degree-of-freedom clrcunstances of a body free in space In sltuatixs 
where essential actlxs could be effectively described by considering xly xe or two 
degrees of fVeedem. Ihls Implied desigis of cxstralnt systems for unbalarwed masses or 
spinning rotxs that restricted motions to cxlcal angles with respect to a point or to 
sljiple angular di^lacements about a single axis of rotatlx. 

Before the early 19^0s, vdien the labxatory developed antiaircraft gunslghts 
for operation on the moving decks of surface vessels, the gyroscopic rotors cormonly used 
in marine compasses and naval stabilizatlx equipment were carried by arrangements having 
two degrees of rotatixal freedom. Ihe suspenslxs employed elastic members and bearings 
desl 0 ied to work with very small ftrictlx levels. It followed that. Ideally, the 
supporting means caused negligibly small uncertainty torque cenponents to act x the 
angular mcmentum associated with the spinning rotors. lAider Newtx's Law for Gyroscopic 
Actlx, this meant that, because "zero" tojrque was acting, the angular momentun vector did 
not change its directix with respect to inertial space, cxsequently, the spin axis 
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exhibited the property of being "rigid in ^»ce." Instrument (^leratlon using gyroscopic 
rotors generally depended upon this actlm for stabilization to exclude effects of 
undeslred base motions, tMle using changes In ^In axis dlrectlcn to produce control 
torque coqponents for g»ierating desired results. IVio-degree-of-freedcin gyro units, 
having suspensions tdthout slgilflcant lM.ctlon uncertainties, were said to have the basic 
property of "rlgidity-ln-space," while essential c?)eration was associated with precession 
undter torque con|xx)«its derived from control li^pxxts within associated mechanisms. 

All of the fire control develc^xnents at the Laboratory were based an slngle- 
degree-of>freedcm gyro isilts Instead of the two-degree-of-freedom type that was gmoeral 
for both narlne and aircraft applications before 1940. Ihe only Instrument In connxxi use 
before 1940 that enployed the slngle-degree-of-freedcm deslgi feature was the so-called 
Rate-of-l\im Indicator for aircraft, that ai^lied the Ideas ftxm patents of Professor 
Henderson. This device did not and was never Intoided to provide perfoxiuance of quality 
suitable for navigation or guidance. 

In the machine gun fire control equipment (teveloped by the Laboratory, three 
slngle-degree-of-freedom gyro units were mounted on a rigid meiitoer with the spin axes of 
their rotors muv.ually orthogcaial, and candled by single axis glndsals with directions of 
their rotational ft?eedom at rl^t angles to each other. Variable ^Ing restraints about 
the glmbal axes were adjustable in stlffhess as a function of ranga to the target. 

Viscous action of a thick fluid in the clearance between the glmbal and the case was used 
to provide protection against mechanical shock and vibration, while at tte same time 
supplying drag torque to danp out the effects of roughness £issoclated with gun shock and 
vibration. As the gunner moved his v#eapon, rotatlcxi of the member carrying the gyros 
caused t-iie three gimbals to tip until the restraining wrings developed restraining 
torques to balance the gyro output torques corre^nding to conponents of input angular 
velocity. 

Ihese glmbal rotations were coupled mechanically to a system of ralrrora whose 
angular deflections established on optical-reticle Indicated line of sl^it offset behind 
the gun barrel. Ilie gunner had only to keep moving the gun as necessary to maintain the 
reticle Image on the target. Ttvs correspcxidlng forced moticxi of the gunsl^it case gen- 
erated lead angles that caused the gun to fii-e Its projectiles ahead of the target by a 
prt^er angle to correct for target motion during bullet travel. With this arrangement, 
the fire control problem uas effectively solved using inertial space, and It was 
unnecessary to mechanize any coordinate transfoinations. In effect, deck moticms did not 
enter the problem, being eliminated by a gunner who kept the reticle on the target, so 
that they did not affect the fire control predictions. 

In practice, this was not altogether true because human gunnera were unable to 
acconmodate perfectly for deck tilts and angular velocities to ke^ his optics exactly on 
the target, but the mechanization allowed inexperienced gunners to deliver effective 
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anti-aircraft fire under combat conditions. Since the fire control problem did rrot need 
fiSeometrlcal transfonnatloi devices, the gunsights were caipact, being not much larger or 
heavier than standaid typewriters, vMle they gaierated effective solutions rapidly enough 
to keep attacking aircraft In considerable danger v*iile they retained within range of the 
guns, liiough the fire control system desigis were not Important for the n^-rtlal navi- 
gation systems, they applied slngle-degree-of-fl'eedcxn gyro units and previded an extensive 
and fundamental eiglneerlng and deslgi background for the sensar? that would be developed 
for Inertial Navigation Systems. 

INERTIAL SENSOR PRINCIPIES; FUNbAMEMTALS OF GmxCOPIC TOEORY 

Aero^>ace guidance technology developed by the laboratory depoided upon engi- 
neering applications of Newton's Laws. llTese applications are difficult to Interpret 
without a pattern of generalized theory to slnpllfy concepts and clarify representations. 

A pattern of this kind is developed In Figures 1 throug^i 6. Devices of two types are 
Important for inertial systems; caie type, called the specific force sensor , is required 
to be respcnslve for resultants formed by gravitational and inertial reaction forces which 
act on each particle of the materials Involved. Tlie other type, called the angular devi- 
ation sensor , receives angular deviations with respect to inertial space from arbitrarily 
established referoice orientations. Sensors of the first type generate signals frcsn vMch 
navlgatlcxal Infonnation on acceleration, velocity, and locatlcxi may be derived. Sensors 
of the secoid type supply slgials that can be used os ir?)uts to servo-drive systems for 
correcting deviations of specific force sensors from desired orientations. 

Figure 1 is taten from an Instrumentation laboratory publication of the 19^0s 
showing the essential sensing element In a single-degree-of-ft*eedom specific foi?ce 
receiver consisting of an unbalanced rrass carried by a shaft, pivoted about an axis fixed 
to the Instnsnent case. In practice, damping, out?)ut slgial generation, torque restraint, 
and other functions have to be Included as necessary seirvlces provided for the force- 
sensing mass In a conplete instrument. Some of the various essential conpcxients that must 
be combined to give overall operation are labeled and named. 

Gyroscopic actions associated with a rotor spinning at relatively hi^ angular 
velocity about an axis of symnetry are generally regarded as less obvious than the 
apparently stral^tforward dynamic "lagglng-behind" of a mass under linear acceleration. 

In fact, if vector representations are understood and used, smooth, high-speed rotation 
has the effect of one integration, and makes the behavior of a gyio constrained to slngle- 
degree-oi-fheedom operation even sljipi..,*r than the interaction of a mass with linear 
acceleration. Figure 2 Is a sunmary of the definitions, conventions, and representations 
used to associate gyro rotors with vectors and torques. Figure 3 Is a pictorial 
representation of a gyro rotor and glmbal mo>yited with two degrees of angular freedom on 
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Pig. 1 

Line Schetratlc Diagram Showing Slrgle-Deg?ee-of-n?eedoin Pendulum 
Iftilt eis an Orientational Si gal Receiver for tlie Direction of 
^)eclflc Force Projected on an Iiput Plane 


a base. With the spin axis substantially horizontal, a force applied to the Inrjsr glr.ibal 
about the axis at rl£^ angles 3 the glnbal axis produces a torque vector at rl(^t angles 
to the angular ponentum vector. ^ Newtcxi's Law of Gyroscopic Action, the response of the 
rotor is to turn its spin axis toward the torque axis in the angular motion called 
precession. Die direction of change of position always tends to shift the arrowhead of 
the moving vector so that it points in the same dlre'itlon as that cf the torque vector. 

Ihe diagram of Figure 3 is, of course, greatly simplified, in slngle-degree-of-frtedom 
gyro units for use as angular deviation sensors In guidance systems. 

Figure 4 smirarlzes the engineering definitions made in treating spinning rotors 
as gyroscopic elements, and the theoretical consequences that follow these assunptlons. 

Dy definition, a gyroscopic element Includes the following three features: (1) a rotor 

spinning about an axis of symnetry, (2) the spin angular velocity is coistant in magnitude, 
and (3) angular velocity magnitudes about axes other than the spin axis never exceed 
insignificant levels, and moments of inertia about axes at right angles to the spin axis 
are all so small that the angular momentun of the system is effectively concentrated in 
the rota* along the spin axis. 
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Pig. 2 

Victor Represantation of Rotational Quantities 

LMer toase assuqptlons, the equation of motion for a gyroscopic elenoit reduces 
to the statenenv that chc applied torque is equal to Uie cross product of the angular 
wlocity of the ^In axis tilth respect to Inertial space and the angular momentuni vector. 
In other tiords» the angular momentun vector has an aigular velocity of precession that 
tuzTB It tcMBTd the torque vector. 1110 output torque from the glmbal tdien an angular 
velocity with respect to inertial space is ijiposed on the angular nmnmitun v«'ctor, is 
given by leverslng the order of terms in the cross product. Figure 5 illustrates an 
arranganent vith a gyroscopic element Incorporated In an instrunent case as the sensitive 
element of a basically slngle-degree-of-ft'eedom ang<ilar deviation receiver. Ihe vector 
coqponent perfonrancc equaticxts are written dovin for a generalized orientation of the gyro 
element and its ginted within the case. In engineering practice, all the angles betveen 
axes fixed to the structure carrying the rotor and tlie enclosing case remain very small, 
so that aeall angle ussimptiois in theory are all valid for all deviaticxis as they are 
shown.. Figure 6 is a line scheraatli; diagram, with definitions and symbols, showing a gyro 
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W«. 3 

Pictorial Sctanatlc Dla^ran of Qyroseoplc Unit Model Uluaitretlne the Precession 
of a Otsrroacoplc ELcusit Due to an Ivpllei Ibrque Acting About a Fixed Axis 
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Vector Representation and Basic Perfonrance Equation for the Gyroscopic Element 






elanent contdned with the otho* functional coofxxients needed to fcna the fundamentals of 
a sln^e-degree-of-freedcm angular deviation receiver that Is adequate for engineering 
discussion, design and test purposes. 

Ihe conblnatlon of concepts said conponoits (teflned and represented In siinple 
form by the line schematic dlagim of Figure 6 fome the basis for all the slr^e-degree- 
of-freedcm Integrating gyro units created and pioneered during the 1940s by the Ihstru- 
mentation laboratory. Angular deviation sensors based upon the features suniBi*lzed In 
Figure 6 have been manufactured In large nunbers and successfully applied In many aircraft, 
spacecraft and marine systems. Senscs*s of the type iUustrat;ed derive their name f^xim the 
fact that rotation of the case about the input axis can only occur If a torque exists 
ntfilch. Imposed upon the rotor, causes the angular momentun vector to turn toward the 
torque vector about the oul^t axis. This turning Is resisted by a viscous drag torque 
In the danplng fluid idiich Is proportional to the angular velocity of the danper within 
the case. Since this torque Is proportional to the "output" angular velocity of the 
giotial about the glutei axis, which in tum depaxls on the gyroscopic torque produced by 
the "Irpul^" angular velocity, the overall action is one of Integration. The electrical 
output n?om the signal generator measuring the rotation of the glitel within the case, 
for this reason gives a direct indlcatlcm of rotation far the case with respect to 
inertial space ai)out the input axis. Many refinements and conplexltles beyond the ele- 
ments suggested In Figure 6 are necessary before woridng sensors can be realized, but the 
fVindaiDental ideas Involved are described by the diagrams. Because the basic anxjscopic 
Input Is case angular velocity about the input slxIs, idille the unit output is an electri- 
cal signal representing the Integral of this input, instnments with the features 
represented In Figure 6 are called Slngle-Degee-of-R?eedoni Integrating Qyro IMts . or 
more usually, IRIG*s (Inertial Pteference Integrating G^os). 

STAIE OF INERTIAL BJUII1®ir ART IN TOE LATE 1940s 

At the end of 1945, changed circumstances made it possible for the Instrumenta- 
tion Laboratory to actively attack the problem of Inertial control, navigation, and 
guidance for aircraft. At that time the caily effective devices that used Inertial and 
gravitatlcaial effects associated with the Earth were the marine gyro conpass and the 
stable unit used for fire control reference purposes. Ihe rotors In these instruments all 
had tv#o degrees of freedom and wel^ied many pounds. The coi^lete equipments stood some 
four feet high with horiz<xital dimensions approximating one foot. Many engineers believed 
that largje, rapidly spinning wheels were the only means for sensing the Earth’s rotation 
and detecting deviations frim reference orientations snail enough to provide practical 
stabilization. In catron with all goverrment spcMisors of new projects, the Air Force 
wanted to make use of existing technology for airborne inertial systems. 
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Fbllowing this plan of attack^ the Laboratary installed and fli^t tested an 
APMA Stable Vertical Model (aaiirionly silled in the U.S. Navy for fire control purposes, 
in an Air Force DC-2* The equipnent was large and heavy. Without outside reference, 
vertical irkilcaticMi performance was not good enou^ for airborne navl^tion and guidance 
aimed at eirors less than one mile at the end of a ten-hour fli^t period. It has already 
beai noted that the aircraft Bank and C11 dA> Indicator and the Tom Indicator had per- 
fomance limitations with the order of a few decrees which, in the 1940s (and for all 
later times), qualified them for stabilization oervice but not for na^/igation or guidance. 
At the beginnings of the Instrunentation laboratory’s woz^ on Inertial navigation and 
guidance, we cOTcluded that new mechanizatioi would have to be developed from fundamental 
principals without dependence on anything available from existing techrology. 

FUNDAI®fTAL MECHANIZATION REQUIREMQirS FOR CONTROL, 

NAVIGATION, AND GUIDANCE SYSIFMS 

Achieving practical results without undue concern for the disciplines in science 
and engineering became ny eariy pattern of action at M.I.T. Following this approach, the 
Instnimaitation Laboratory became a laboratoiy of pioneerir^ technology. Thus, the 
technoloQT represented by the 1946 Air Force Project involved searching out all the 
necessary irputs and generating the control and guidance carmands needed to stabilize 
aircraft motions and detennine fll^t paths. We clearly recognized that the overall 
processes had to deal with the quantities of generalized six dimensional geometry, and 
that self-contained systems for the sub-function of navigation could not deperxi upon 
continuous radiaticai contacts with known points of the Earth. This meant furnishing, 
cMi-board, coordinates stabilized against erratic and systOTatic aircraft rotaticais, 
suitably arranged to maintain the input axis of specific force sensors so that all 
possible resultants of gravitational foixjes and linear acceleraticxis were completely 
accepted. 

Fli^t tests of gyroscopic units used for marine ^plications had clearly 
demonstrated that such equlpxnent was not cxily deficient in performance, but had sizes and 
wei^ts beyond those allowable for aircraft. To overcome these objections, we decided on 
desl 0 i studies to minimize the wei^t and bulk of gyro rotors and their supporting gimbals, 
and to reduce levels of undesired torque acting to cause erratic angular deviations of the 
active angular momentum vector. This meant abandoning the concept of a heavy rotor — 
holding its spin axis direction in the presence of torque by sheer inherent power of 
spinning mass — for a mechanization where gyro units, using relatively small rotors care- 
fully isolated from undesired torque corrponents, acted to operate si^ial generators 
requiring substantially zero torque with outputs representing angular deviations. In 
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19^5 » the relatively new technology of servomechanisms was perceived as the key to 
converting gyro deviation signals Into torque ocxnponents for naintainlng geometrical 
members in reference orl«itations substantially free of interference by supporting base 
motions. 


Ihus» without concern for details of desl^^ the functions needed to luplenent 
geometrtcal reference functions were recognized as: 

1) One or more mechanical refejTence members with a total of three degrees of angular 
freedom with respect to the supporting aircraft. 

2) Angular deviation sensors to detect orientatioial changes of the refeiwce member 
fhon desired reference positions and to generate carresponding output sigials. 

a) Two two-degpee-of-freedom angular deviation sensors. 

b) Three single-degree-of-freedom angular deviation sensors. 

3) Servodrive systems to accept the angular deviaticai saisor signals and apply 
torque ccrponents to the geometrical reference member supports as requlr^ to 
overcane the friction, unbalance, and other torque compcai^s tending to disturb 
the geometrical member orieitatiais from desired reference positions. 

4) Means incorporated in the gyro units to sense angular deviations for siqpplylng 
servodrive Inputs to cause changes of the geometrical reference member (Hd.enta- 
tions in response to cormand inputs. 

5) Angle sensors to provide signals representing aircraft orientation with respect 
to the geometrical reference member. 

6) Specific Force Sensors with their input axes properly related to known directions 
in the geometrical reference member so that the output signals representing ccm- 
pcHients along their input axes could be conblned to provide conplete infonnation 
on the resultant ^^eclfic force IrjHit. 

7) Electronic corpoients as necessary to sejrvice stabilization drives and sensors. 

S) Computing systems: 

a) Tb receive signals representing orientation of the geometrical reference 
member with respect to Earth or directions detennined by celestial bodies and 
generate orientational change coimands for the reference member. 

b) To receive signals from the specific force sensors, correct out gravitational 
effects and generate inalcations of locatloi and velocity with respect to 
the Earth. 

c) Tb corrpare indicated locations and velocities with respect to progranined 
states of these quantities in terms of Earth or other chosen external spaces, 
and from this comparison to determine the corrections to vehicle motion 
needed to achieve final mission success. 

d) To generate cormand signals to serve as guidance system outputs representir^ 
these corrections and to serve as the essential inputs for the control sys- 
tem vMch provides interface functions to couple the guidance system with the 
vehicle and its driving system, 

9) Various readouts, indicators, monitoring arrangements, mode-of-operation selectors, 
manual controls, etc., to meet the requirements of particular sitiaatlons. 



Even a brief discussion of the subjects suggested in this far-ffon>-detaiied 
listing is impossible within the sccpe of this p^per. There is surely no reason to 
review here» the theory, mathematics, and practice of the ancient art of navigatlai avail* 
able in 1946. Similarly, the conputer functions required and state-of-the-art conpc»ients 
available for use in new equipmKit were well known. So much effort elsevdiere was being 
devoted toward progress that tl)e Instruroaitation Laboratory found no valid excuse for 
adding any new workers to the fields of computer technology. Conslderaticxis of the same 
kind led the laboratoxy away from tasks associated with readout arrangements and indi- 
cators. It appeared that the area idiere the Laboratory could make tnily significant 
contxdbutions included sensors for inertial quantities, and mechanizations associated 
with the realization of giecroetrical referwce members to achieve the objective of an 
error build-ip of one mile in ten hours fli^t by a self-c<xitained guidance system, 
lowing that all the fundamental conpcnents had to be conceived, designed, built and 
tested, this was the goal the Laboratory began to work toward in 1946. 

GfECMEIRICAL Kh^EKENCE ®©ER I^X^iANIZATTOI: PRIMIEPIES 

Inertial system work In the Laboratory started with desigi studies following the 
gimeral two-degree-of-f^eedcm gimbal suspensicxi pattern that was coinrmly found in gyro- 
scopic equipmait for marine purposes. Among other features, we were particularly inter- 
ested in the technique of rotating a part of the gimbal structure about the indicated 
vertical axis to reduce fricticxi effects by periodically reversing the direction of 
undesired torque conpcnents with respect to the angular momentum of the gyrosc<plc rotor. 

So many detailed considerations became involved as designs were wox^ced out that I can do 
more than suggest a few of the obvious decisions that started new paths of develqpmait for 
inertial systems in 1946. Figure 7, conplex as it may appear, is a sinpllfied diagram of 
an arrangement of elements that was studied on j>aper and, to some extent, in woriclng hard- 
ware directed toward realizing the functicxis of a stabilized m^nber. 

TVio, two-degree-of-fYeedom gyro rotors were mounted within double gimbal systems 
which in turn were carried on the structure of a stable member that was mounted with pitch, 
roll, and azimuth freedom in gimbals carried by the airplane ft’amework. Each of the two 
gimbals for each rotor carried an electrical torque motor. In combination, the motors were 
arranged so that their outputs could process the spin axes to any desired orientations 
with respect to selected reference dlrectiOTs. ihe glnt>als carrying the stable unit were 
equipped with torque motors having outputs sufficient to overcome friction and inertia 
effects associated with the support bearings. Each of the torque motors was part of an 
assembly Including a ”pick-off” to generate electrical signals representing angular devi- 
ations about the various axes. The pick-offs and torque motors were combined in servo- 
drive loops with suitable electronic px)wer anplifiers so that sl^ials from the gyro units 
could accurately dtetermine the orientation of the stable unit without imposing distorting 
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Fig. 7 

Two-Degree-of-Preedom Gyro StabilizatiCMi Unit 


torques <xi the gyro rotors. Ihis appllcatlc«i of servo-mechanism technology — to control 
oriaitaticxi of relatively heavy members, vdth reference directicais established by gyro 
unit glinbals without lirposlng any significant torque on the rotor has been universally 
adopted by designers of inertial guidance equipsnent. 

Two single-degree-of-freedom perdulum units provided the specific foree 
receiving functions for the arrangement of Figure 7, with torquing and si^ml generating 
functions perfoiroed by corrponents within the units supporting the axes of the two pendu- 
lums. Corponents to integrate the gyro torque motor irput currents and detennire the 
changes in spin axis orientation appear as integral parts of the system. Corrputlng 
fUncticais are suggested as systan parts in Figure 7 by a dashed line indication of a cab- 
inet. The cofTputations to be pei*formed could have been carried out by using a variety of 
detailed arrangements, but vehicle location, velocity, and motion corrections both as 
indications and also in terms of control conmands were results required from any system. 

We found that well-qualified mathenaticians could desigi adequate conputers 
which could be inplemented by the technology available. But the instrumentaticai for 
realizing conplete and accurate geometrical information with on-board equipment suitable 
for which solutions had to be found. For these reasons a year’s work on inertial guidance 
reaffirmed our earlier decision to concentrate on inei’tial sensors and the techrology of 
generating and ^plying geometT^lcal information by self-contained onboard systems. 
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We chose a refererKie nariber stabilized and coistralned to follow *:he direction 
of the local vertical as the carrying aircraft moved ova* the Earth's surface. This 
meiriber provided a basic Ijput from which self-contained equlpmait could derive navigational 
Indications. Of course. It would be necessary to confiensate for the effects of acceler- 
ation on the outputs from the sensors In order to achieve accurate Indications of the 
vertical. Dlrectlcxis on the Earth's surface (the heading f?om North for exanple) would 
also be needed. Finally, some geometrlceil referawe for measuring with good accuracy the 
angular motion of the loceLI vertical was needed to determine distances cova?ed an the 
EIrth's surface. Inertial space could be used as this referwce by relating the Integrals 
of torqulng Inputs applied to the gyro rotors to angles of ^In axis rotation by calibra- 
tions of the sensors. Another approach Involved Including a f^slcal ment>3r that would 
hold a selected and established reference orientation with respect to Inertial space as 
part of the overall system. Changes In local vertical directions corresponding to travel 
over the Earth could be read out In teims of angular displacements with respect to this 
reference raenper. By 1951 both of these approaches to tdie orientational referaice problem 
had beai Ijiplemaited In designs of test models built In the Instrumentation laboratory. 

STABI£ VERTTOIL BASED ON llffiEE SINGI£-IH3ffiE-CF-FHffiDCM GYRO 
UNITS AND TOO SINai£-DBGREE-OP-PREEDOM PENDULUM UNITS 

Reviews of past experlaices with aircraft Instrments, gunsi^ts, marine equip- 
ments, and experiments with specially deslgied test devices, showed that ft*ictlcn 7.evels 
obtainable fbom ball beairings could not be reduced below the order of tai dyne c«itl- 
meters. Gyro rotors of reasonable wel#it, a few hundred grams, spinning with ar^ular 
velocities of several tens of thousands of revolutions per minute provide angular momentun 
with ma^iltudes not far from one milUcn gram centimeters squared per second, the 
corresponding precessional rate for a ten dyne centimeter disturbing torque is lO”^ 

—5 

radians per second. Earth's rate Is fifteen degrees per hour which Is about 7.3 x 10 
radians per seccvid. It thus appeared that there was no hcpe of using ball bearing 
supported gimbals to achieve dx*ift rates that were less than several times Earth's rate 
with gyro rotors of reasonable size. At filteen degrees per hour, where each degree 
corresponds to sixty miles of distance on the Earth's surface. It would be impossible to 
achieve stsplllty In geometrical reference mentxer orientations pennlttlng navigational 
uncertainties less than several miles. Hiis led us to c<xiclude that gyro glmbal si^ports 
for prectlcal inertial navigatlcxi systems could not be realized with ball bearings. 

Many possibilities, elastic mmiPers after the pattern used for the gunslghts, 
electromagnetic fields, electrostatic fields, hydrostatic pressurized bearings, grease 
bearings, "squeeze" film bearings, and various other schemes were tried and abandoned for 
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one reason or another. After a number of researches to determine the integrational 
accuracy that could be achieved by shear drag forces generated from velocity gradients in 
thin layers of viscous fluids, we decided to use floatatiOTi for providing most of the 
svpport for a single glmbal structure designed as a hollow float to directly carry gyro 
rotors and their spin axis mechanisms for single-degree-of-freedom configurations. 9y 
adjustment and caitinuous control of tanperatures, floatation forces could account for 
support of all but a small fraction of one percent of the glrribal wei^t. As a useful 
by-product of this arrangement, viscous drag integration of gyro output torque about the 
gimbal axis could lead to signals representing case rotation about the irput axis so that 
the overall gyro unit would provide angular deviation output signals. In practice, the 
addition of means for magnetic suppoio vrthout disturbing torque could make it possible to 
absorb residual non-floated weight and realize gyro units with gin±>al output axis friction 
reduced below one thousandth of a dyne centimeter. These considerations for gyro units 
were found to apply witn equal validity to pendulums and sensors of various types to 
receive specific force. The same design features were found to be effective remedies for 
various other difficulties involved. 

Engineering studies showed that, except for very short transient periods of 
alignment, reference directions fixed to the structure of tl^ stable m^nber had to be 
servc^controlled within small aiigular deviations from reference directions deteimined by 
the gyro spin axes. This made it possible to eliminate giirtel from each gyro rotor 
suspension in an arran'^OTent with the features ill^istrated in Figure 7> and to use single 
axis signal pickoffs for the remaining single axi^ gimbals. Pickoffs of this kind working 
c^out a single axis needed only a very limited rar^:;?, on the order of ai*c seconds, of 
angular motion to acccxnnodate for any deviation that normally operating servo- loops would 
ever allow to occur in stable member orientation. Realization of this fact deteimined 
the essential pattern of sensor design, and made it possible to use the slirplest possible 
engineering features in coistructlon. 

Figure 8 is a 1946 artist’s representation of a three-degree^of-fi?eedan- 
serv^motor-powered gimbal arranganent supporting a stable platform. Ihis platform carried 
three single-degree-of-freedom gyro iLiits with their input axes mutually at right angles 
to sense angular deviations with respect to inejrtlal space about these three directions. 
Two single-degree-of-freedom units with exterrial pendulums are shown with their pivot 
directions fixed to the stable platform. Althou^ details of construction are suggested 
rather than shown here, the general arrangement of functional conponents proved so 
satisfactory that we used It directly or with suitable modifications in many inertial 
guidance systems designed in later years by the Instrumentation Laboratory. 

Figure 9 represents tlie configuration shown in Figure 8 in a line schonatic 
diagram for a conplex of components to operate as the basic mechanical subsystem of the 
stable vertical. The essential operational relationships, incluling electrical quantities 
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Fig. 8 

Sir«le-Degree-of-Preedoin Gyro Stable Platform 


Fig. 9 

Essential Conjwmnts of the Statile Vertical 





Pig. 10 

Punctlcaial Block Diagram of Single-Degree-of-Preedcxn Gyro Stabilizaticsi Unit 

(Plow of Infomatlon Only) 

PRACTICE SINGUB-IH3REB-OP-PREEDOM INERTIAL SE3CORS 

Slngle-degree-of-freedom sensors for angular deviations and gravity have been 
shown in the mechanical subsystem diagrams of Pigures 8 and 9. In Pigure 8 both units and 
pendulums are represented as having journal bearings without any remarkable features. 
Pigure 11 is an artist's rendlticsi of the arrangement used in the first experimental 
pendulum unit. Bedl bearings fitted in the Instrument case were used at each end of the 
shaft vrtilch carried the pendulum. Salient pole stators mated to direct drive rotors fixed 
to the sheift, served the functions of generating output signals and applying comnand 
torques to the pendulim. An aluminum cylindrical cup mounted on the shaft and rotating in 
the field of a pennanent magiet provided danplng for pendulum rotation. 

Tests of engineering models incorporating the features shewn in Pigure 11, and 
Including ball bearing supports for the output shaft, gave angular position uncertainties 
much larger than the fractional arc minute required for inertial guidance specific force 
receivers. Studies of all the principles that might overca.ie this and other difficulties 
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Pendulois Unit 


led to the choice of floatation sigspcrt supplemented by polished vatch-type pivots arai 
Jewels. Ite geieral principles applied in the configutratlon chosen for |»rdulura unit 
design are Illustrated in Pi^ire 12. Ihe |»nduious element was mclfsed in a sealed 
cylindrical chamber vreight adjusted to Just float in the viscous fluid filling the clears 


at the prcper level. Figure 13 is a sectioned drawing showing the details of construction 


the systems ttet are described later in this paper 
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Pig. 12 

Pictorial Schematic of Vxm^ed .Sirclo-Degree-of-Frmlt® Perdultsa Unit 






Pig. 13 

Sectlomti View Sicwiri: Cm Details of 

Single-Degree-of-Preedom PeMulm IMt 


Gyro units built with tall bearing gintoals gave entirely inadequate engineering 
test insults.' Inaccuracies jould definitely be trac 4 to erratic and excessively high 
minljiun torque levels ar«i to susceptibility to torque distirbances under vibratiai .'»nd 
mechanical shock. Inprov'ements great enou^ to achieve satisfactory gyro units v«re r^e 
by applying the s»ie principles of floatation and viscous shear dating used in slr^'le- 
degrse-of-freedem pendulisn units with the features represented in Figure 12. Flgu.« 1'' 
is a ccarrespcrdlng diagram for the flcating single-degree-of-fraedora gyro unit.. The 
girrbal canying the spin axis bearings (idilch were ball beamings in all early units) was 
sealed in a cylinder from which shafts projected cxi both ends. ‘i. e cylinder ■Uhs adjusted 
in size and mi&t to float when the clearance between the cylinder and the case was 
filled with fluid malntair^d at cperatlng tsmperature by means not sh<3wn In tl» diagram. 
Ifats accessible from outside the ; case were attached to the float by screws . Adjustifient of 
these rmts in and out along the screws made it possible to realize a very cl^se balance of 
the moving ass«*ly> This assentsly" was free to rotate about polished rivots working 
within watch-type Ja«els mounted in the ca.se. With almost-perfect floatatlori accctspirylng 
good ttermal ctntrol, the small loMs carried by the jewels: reduced uncertainty torque 
effects sufflclaitly to achieve perfarttance nigh ervxigh to dawnstrate the feasloillty of 
test systens. 
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axis of ttis splii axis I'rwi its refemwe pjsitim Ctl* di«ctlm» fISMS in the case, alar^ 
idtldi the axis is aligned «iim tte sl^al otttiMt has its mil level). It also sfmm 


associated s«pwB3ta* wd statole anlt stiwttre Cwhm the tsilt is asoianted cn a waxMx^ 
platfera) to rotate. Bits rotatim hal ti» direction of the gpt) unit iiixit axis to drlw 
the axis tcwirdi its mil signal arleittatiwj. *Siis, cowwiil s%«ls stalled to the 
Px-qm aotor of a &m in Um coiislete system caued the ststol® unit to rotate at a rate 
and In tl-K liirecticr. deteaifjed fc» these si^mls. 







Studies of the o-vemLl inertial guidarKe prdblea led to tte choice of a .local vertical 
indlcatir^ platibm follc«.itTg the art^ar^aamts of Pipres 9 arri 10. this left t}« pix4>laji 
of azlimith oetesradjiatlcm open for tbe purposes of dlrecticnal control of the aircraft, aM 
also .for navipitlarml indications, ffegnetlc compass readouts were r»t suit^le because 
of ixtmvmt inaccuracies and unavoidable osclllatiorB or fllter.ing tline lags. For ttese 
reasons m decicted to Incorpcarate an automatic tiacter for celestial bt.jdles in tiie first 
s$stm. Without »Jeqi«t« rsKlio or radar ground equipnent to continuously give aircraft 
pasltlon at rdiht, the celestial body chosen for reference ptrpcKes wse the sun. Hils 
pemltted day'li#it qseratlon and the use of photc^'^jy for deterrtLnatlcn of position. 




naxiie chosen for the experimental system was thus PHOEBUS, for the Greek God of the 
Sun, a name that was soon shortened to FEBE as the official name. 

Prom the stai^polnt of mechanization, a giirtialed servo-driven tracking mejrfcer 
carried an automatic optical tracker for following the line of si^t to the sun by means 
of specially desigied elements. Angles of the tracking men4)er with respect to its 
supporting base, %diich was fixed to the airplane stiTucture, were read out, and the corre- 
sponding signals transmitted to the ccrputing system for use in forming control comand 
si 0 ials and navigational locations. Ihese indications, displayed to Uie hunan pilot, 
supplied the infonnatiai necessary for steering the aircraft. Control conmand signals 
generated by the coirputer were also linked with the automatic pilot so that the Stellar- 
Inertial Guidance System could keep the aircx'aft on proper course to its target without 
attention from human members of the crew. Figure l 6 is a side view diagram of the F^BE 
system installed in the rear coipartment of a B-29 aircraft. Figure 17 is the corre- 
sponding diagram for the experimental equipment as seen f^om above. Ihe various com- 
ponents and subsystems are labeled with the names defined in preceding figures of this 
paper. Figure 18 is a photograph from foxvaixi and above within the airplane, showing 
the actual FEBE installation. The corplete system involved a bulk of some 4,000 pounds 
on the weight and balance chart for the airplane. 

A number of test flights were mane between Hanscom Field near Boston, 
Ffessachusetts , and various airfields In the midwest. Perfonnance involving an error 
build-up of about ten miles for five hours flying time was achieved on a number of trips 
fbcxn east to west. Results of this kind certainly did not prove that our objectives for 
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Fig. 16 

Installation of FEBE System in B-29 Aft Pressurized Conpartment Elevation View 
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Pig. 17 

Installation of FEBE System in B-29 Aft Pressurized Conpartment Plan View 

the project were attained, but they did give strcxig indication that guidance systems using 
inertial-only pxdnciples could be desieied and reduced to practical operation. 

By the end of 19^9 it appeared that substantially all of the useful InformatlOTi 
from the FEBE system had be«i obtained, so engineeidng tests were stopped and work began 
on a second approxlmaticn of inertial guidance equipment, this time entirely free from 
dependence upon tracking of any celestial body. 

THE SPIRE SYSTQl 

Gyro unit and servodriven stable member behavior had been generally encouraging 
in the FEBE system, with drift rates in the fractional meru (by meru is one one thousandth 
of the Earth's rate, i.e. , lO”^ x 15° /hour which is approximately one minute ci' arc per 
hour) range achieved cxi numerous occasicxis. Several features of the ejqjerimental sensors 
could be improved by reasonable engineering changes, and there was strong optimism that 
adl-inertial guidance rsystems could be built with smaller size, less wei^t, and hi^ier 
perfoimance than the FEBE system. 

After preliminary studies were conpleted by the Instrumentation Laboratory, 
the Air Force sponsored a new inei?tial-only system, called SPIRE (Space Inertial Reference 
Equipmait). The performance goal for SPIRE was a one or two-mile error build-up during 
ten hours of flying time. A geometrical reference member carrying three single-degree-of- 
freedom gyro units vd.th input axes mutually at right angles, supported by servo-driven 
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Fig. 18 

FEBE System - Imtallatiw Shc»rir^ Stabilization Un.i . 
and Celestial Body Tracking ffatfcer 


gimbals, allowed SPIFE to maintain a set oriaitation with respect to Inertial space. The 
orientation chosen for tte inertial reference package placed its polar axis alwg the axis 
of rotation of the earth. Two gpx> units with tteJr iiput axes at rigiit angles to tills 
polar axis maintained this direction with respect to Inertial .'space. A third gyro unit 
with its input axis alc«g the polar axis maintained the gyro package non-rotating with 
respect to inertial space. A drive, powered by an SKJCurately-controlled-frequency source, 
was designed in to wurk about the polar axis between the gyro fxictege and next outer 
supportir^ gimbal. Rotating this drive at exactly the Earth's rate caused the so-called 
line of rwdes glntal to remain alligned with tlie Earth as it rotated in space. The 
arrangement of the iw?rtial package and Its four supporting’- ginftals is shown In Pl^are 19. 
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Pig. 19 
Track Oorrtrol 


The operating principles of SPIRE allowed us to (1) use the inertial package 
and :Earth rotation ttae drlw to maintain the line of nodtes giiribal in alignment with seme 
arbitrary merldlarj on the Earth’s surface, (2) ajply two pendulisns to sense the local 
vertical dlrectian in the plane; of : a preselected: gtmt : circle course, and (3) measure the 
rotation of the vertical in this plane to indicate progress along the course. 8y coupling 
the pendulun outputs to the aircraft control systess with arrar^ements for automatically 
nulling the cross track pendulum to keep the aircraft in the plane of tte desired great 
circle course, and comparing the processed output of the range paidhilim with the pro- 
grammed ili^t position of the aircraft to c<mtrol locatican alcaig the track, the SPIFE 
system could be made to follow a preset fli^t plan with Indicatlcais of cross track 
deviations alor^ the course j and signal missican ccnfiletlan wlien: the objective was reached, 
luring preflight augment, the angle between the line of nodes girobal and the 
range glniml was set and clanped so that the prefer angle existed from the polar axis to 
the range axis. For initial adjustanrait purposes only, the correct range angle was set 
betwewi the vertical package (unit: carrying the two penduliass), and the rarse glmbal. Ihe 
stablllzatlcyi servo-drives were tten energized, and the signals from the two pendulisns and 
aan extenmlly mounted photo theodolite were resolved and used to torq« the gyros thereby 
allgiiiig the vertical package to the local direction of gravity and turning the rar^ axis 


2^18 



to the correct axlinuth. With the system geuraetry established, SPIRE was ref^Jy to suj^ly 
control ooniiands to the autopilot for automatic o|3a:*atl<m, and Indicaticsis to rea<tout 
dials fcr mcnitorlng by luroan operators. 

Figure 20 is a phot<^raph of the SPIHE systan as It aip>eared durljij engineering 
tests in the Laboratory during the latter part of 1951. The system was mich lar^r tfian 
<»uld be accepted for aircraft, and wei^^ atxxit 2800 pocnds. AltiK3u#i wei^dr^ seme 
25 percent less than EM, it ms still imch too great for fllfjit use. However, the 
objective of ail- inertial operation liad been attacked, and patterns of (tesign fca* com- 
poTcnts and siibsystems suitable for aircraft pui*poses were emergir^ that held real 
premise for practical guidance equipment wiHi all the qualities needed for fligiit 
^qper*ations. 



Fig. 20 

E^iotograph of ^ilr'e System cn Test in Laboratory 
CGNOUSIC^ 

The ”20-Year Rile" set by the Academy History Corrdttee llialted this memoir to 
ti»» 1935-1951 period at the Massaclax^tts Irestitute of Teobnology. During thl,s span of 
years t}« basic ideas of Inertial giilslanee appeared, were LTp>lemented In eacperimental 
h.ardware, and flliJit tested to dononstratett engineerini^ feasibility. It Is unfortunate 


in a way that In 1951 the SPIRE fll^its had not yet started and marine, missile, q>ace, 
and ccxnnerclal aircraft developinatts were still a few years in the future. I will not 
moTtion the equipm^its built and results achieved during the 1950s beyond noting that the 
technology pioieered, would be followed by ccwislda?able production and wide-spread use, 
based on conc^ts that were no more than misty ideas in 1935. 
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EARTH SATEliJTES, A FIRST LOOK BY THE 
UNITED STATES NAVY^ 

R. Cargill Hall (USA)'*^ 

CXUEGINS 

Early in 19^5 a special United States Naval Technical Mission in Europe 
acccirpanied Allied forces advancing through the low countries into Gemany. Concerned 
with Axis technical and scientific matters, organized into Canbined Advanced Field Teams 
coitposed of both British and American scientists, the mission m^nbers included the mathe- 
matician Anthcxiy Biot, aerodynamicists Clartc Millikan and Hsue-shen Tsien, and p.»ysicists 
Abraham Ityatt and Geor^ Bwald. Ihese men conducted on-the-spot assessments of designated 
German scientific groins and installations of interest to Allied agencies. 

On May 5> 19^5, a few of the mission marbers interrogated the leaders of the 
Domberger-von Braun rocket group who had surrendered to Allied troops a few days earlier 
at Reutte in the Tyrol. During the meeting in the small town of Kochel, Bavaria, Tsien^ 

requested that von Braun prepare a sumnary of German rocket developments and his predic- 

2 

tions for the future of rocketry and astronautics. The resulting report. Survey of 

Development of Liquid Rockets in Germany and Their Future Prospects , suggested potential 

applicaticxis for earth satellites, manned space stations, and flights to neighboring 

celestial bodies including the moon, as suggested earlier by Tsiolkovsky, Goddard, OL?rth, 

Noordurg, and others,^ In July, that report acconpanied Abe Hyatt when he returned to 

the Navy Bureau of Aeronautics (BuAer) in Washington, D.C. According to Hyatt, it stirred 

a good deal of interest among individuals at BuAer, especially among those in the Aviation 

h 

Design Research Branch directed by Ivan H. Driggs. But the individual first and cer- 
tainly most moved by the subject of earth satellites at BuAer was a young Navy lieutenant, 
Robert P. Haviland. 


Presented at the Foruth History Symposium of the International Academy of 
Astronautics, Constance, German Federal Republic, October 1970. 


Jet Propulsion Laboratory, California Institute of Technology. 
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Haviland, attached to the Electronics Materiel Branch of Uie Qnelneering 
Division in the Navy Bureau of Aeronautics, examined Allied inteUigence reports and 
other documents relating to aircraft idoitlfication and electronic countenne 2 isures. .l»h 
a decrease in work assi@ments near war's end, HavilanJ turned his attaitlon to a favorite 
topic: the Implications of space rocketry.^ In the late sumner of 1945 he read a 
British report cancelling the capabilities of the German V>2 rocket, and a NACA technical 
translation of some earlier woric pursued by Eugen Sanger. Willy Ley's Rockets, the Future 
of !Kavel Beyaid the StratosiAiere (New York: Viking Press, 1944), vdiich treated the energy 
requlrenents necessary for orbital flight and escape from the earth's gravitational 
attraction, also stimulated the yoimig man.^ 

Aware of the discussions in the Aviation Desigi 0 ro( 4 > and, apparently, the 
von Bram paper, HavLland set about considering potential space mlssicxis, and he spent 
several weeks exploring the technical feasibility of earth satellites based iqpon exten- 
sions of conventional V-2 rocket technology. On August 10, 1945, he cont-lned the results 
of this study in a nine-^page mano to the Head of the BuAer Special Weapons Section, 
reconmending that an earth satellite project, "Project Flex,” be authorized by the U.S. 

Nav^. Althou^ overloc^cing the problems of atmosplwrtc reentry, Havlland calculated that 
by clustering and staging large rocxets, manned artificial earth satellites were tecFml- 
cally feasible, and he reccnmended a number of potential missions: as a platform for 
scientific research, as conmunicatlons relay stations, and for use in mapping and meteoi’o- 

7 

logical surveillance. 

Ihe President's announcement of the existence of the atomic bomb on August 6— 
which suggested a potential source of large a'ounts of ener^— enhanced Navy interest in 
Havlland's proposal. It quickly wen the support of his inmedlate superior, Coninander 

O 

J. A. Chambers, and from Captain Lloyd V. Berkner, himself destined to play a significant 
role in American astronautics. Captain Berkner, Head of the Electronics Materiel Branch, 
was much taken with the idea of a conmunicatlons satellite enployed as ”an artificial 
ioiosphere,"^ and he convinced his superiors of the desirability of investigating the 
prospect of earth satellites.^® With authorization to proceed, Berkner discussed the 
matter with Cotmander Harvey Hall,^^ Special Scientific Assistant tc the Head of the Radar 
Section. Ha:il agreed to assist in a conmlttee examination of the technical feasibility of 
earth satellites. Cn October 3, 1945 » BuAer organized a Conmlttee for Evaluating the 
Feasibility of Space Rocketry. 

IHEORETICAL VERIPICATIC»1 OF A SINGIE-STAGE SAlELLnE ROCKET 

Between mid-August 1945, when the Havlland memo was brought to the attention of 
Berkner, and tl» creation of the satellite conmittee on October 3» Harvey Hall deteimlned 
that a truly practical and useful earth satellite cai:d not be realized with existing 
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V-2 propellants and "■'^chnology; a major advance in rocket technology, he reasoned, speared 

12 

necessary and desirable. Assigned at this time to evaluate the application of Jet pro- 
pulsion to aiJ?craft (which are "single-stage” vehicles), he also considered the avenues 
for advances in rocketry. Hall struck on the concept of a single-stage satellite rocket. 
With the satellite conmittee established, he successfully pressed th^o approach among 
associates. Accordingly, the cofimittee was charged "to investigate presently available 
materials and techniques and arrive at some estimate of the possibility of attaining a 
velocity of llbratlc«i from one stage of the operation." 

On October 29, 19^5,^^ the satellite corrmittee concluded that the possibility 
of placing a single-stage space ship in orbit above the earth warranted establishing a 
proJt.'Ct within &iAer to conduct a detailed study. A high mass-ratio, single-stag.^ 
vehicle that would corpensate for strucwural development problems by ellmirating staging 
and reigiiticn of engines at upper altitudes, and that burned high speclfio Inpulse 
liquid propellants such as hydrogen and oxygen, the members suggested, would provide a 
more powerful as well as reliable satellite rocket. 

By the end of November 19^5, considerable support had b-. n genc?>?ated within 

15 

BuAer for an Earth Satellite Vehicle program, and functional-type project desks appeared 

in various secticns as the satellite studies intensified.^^ The satellite's proponents 

were now more numerous, and influential: Captain D. S. Pahmey, Head of the Special 

17 

Design Branch which handled BuAer guided missile projects. Captain W. P. Cogswell of 

the BuAer Radio and Electrical Group, and shortly thereaiuer. Hear Admirr^l Leslie Stevens, 

Assistant Chief for Research and Development, BuAer. Stevens, thou^. he accepted the 

satellite's usefulness for comnunicatlons and as a relay tat ion for guidance of surface- 

to-surface missiles, nonetheless remained very dubious about obtaining the money necessary 

to build one in lew of the congressional cuts in the post-war Navy budget already taking 
l8 

place. But most of the supporters were optimistic. Captain Paiimey created a special 

desk in the Pilotless Aircraft Division "to handle ell the engineering aspects of the 

IQ 

Earth Satellite Program," and . electee Lt. Comnander R. P. Havlland, USNR' to njfiuiage it. 

Plans for this early Navy satellite project (not to be confused with the later 
Vanguard Program) called for three sequential phases leading to eventual fli^it testing: 

(1) the investigations a; id preliminary research reconmended by the satellite corrmittee, 

(2) a general engineering study by one or more contractors based i^n the satisfactory 

caipletion of the preliminary research, ^vid (3) award of a contract for construction and 

20 

operation of a prototype vehicle. Subsequent Navy work Incorporated the satellite 

corrmittee premise of a single-stage satellite rocket, and proceeded larg».ly cn the 

strength of a h^'drogen-oxygen rocket motor develcpment prograia conducted by the Aerojet 

22 

Engineering Coipor-c.^'ion, supervised by Lt. Conmander Robert Truax. late in IQ 
Aerojet personnel succeeded in burning gaseous hydrogen anC oxygen in a small r ocket 
motor for the fir^t time, and in the following ye^r thoy placed the largest hydrogen 
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it my/iiit* ijf tbe Morld 2ii operation et Aen^et; liqiitli liyAragen ms saccessfuiljr stored, 
{ueped, md burned In utmt teeene routine test operations. Mithin a year the BuAer 
etTorc in larso rocket propuislcn ay a te a a ln«u}^ serious "hardicira" developeant coi^ 
tracts.^ AMitJonel eontcbcta Mere aodineti or begun for the study of boro-h/drlde fuels 
and eleetronie oo^ponoits that could oe a^ftloared in rockets.*^ 

But tite Navy Buensu of keronoAi^ first conflrsetlon of the satellite 

ooeodttee's initial findi'Moi In a contract ulth the Jet frapulsion laboratocy (JFL) at 
the California Inscltute of Technology. This oontract, executed on Deoertter 12, 19A5, 
ft*1Vid ffca' sure detailed theoretical research on the relationships betueen serodynasde 
dr^ during ascent «d Vtie desired osbit (altitudes), roedoet notor and propellant per- 
fnrnarrr. straeturBl charaeterlstlos (mss ratio), p ay lo a d , and suitable ascent trajeo- 
torlEs.^ JR' undertook these analyses predicated upon the prior satellite oosedttee 
oaldOatijn and reports, and the NasTy-stipulated assuefitians that: 

a. The *arbiting Missile to be considered Is a single-stage liquid propellant 
rodoet adasile. 

b. The xocict notor propexlcnte are Uiiuld oxygcit and li^aid hydragen. 

The poc^oensnoe of this rocket notor is estlnated fb<ni experlnental data on 
i^draen-csygai psopellants cCttained by D. A. Yovrg of the Aerojet Bigineerlng 
Ocjirp.^ 

^ study progran quid y esvsounitmd problaai. JFL psrscnnel sought to con- 
flgire ascent trajectories to achlere a denlred circular orbit at an altitude of 240 kilo- 
neters (ISO ntles), a profile assuned to be above sid^tantial interferenoe ftxai atao- 
sptaerle drag, doth vertical c 1 Inclired ascent trajectories, given a ^leclfled engine 
bumiiig period ani the assraptlons fbrnisried the Havjr, yielded orbital altitudes only 
up to 80 hilaneters (50 ailes) vhere air resistance would not pennlt even nne coeplete 
ctbit of tiie earth witn ii^itwelght strwdwee. This difficulty, already consldobd in 
BuAar, praepted m l^xjrtKit innovative contribution to astroonautlcal theory. In the 
words of JFL's HoapF J. Stewutt 

A netted for attaining a higier orbiting altitude than it was feasible to 
attain in a r . ptle powered launddng trajectosy was proposed by Coanander 
[Harv^] fttll. In this mthod the missile is tobjected, at the ternlnatiGn 
of its primary powered pecdod. Into an elliptic orbit of snail eccentricity 
Jnete^ of a circular orbit {zero eccentricity) . This can be done either 
by projecting bhe nlssile horizontally with a speed ir. axoess of the circular 
ocbital velocity or by projecting the Bdssile at a snail angle of cliab. In 
cither case, the sLssile clijibs In an elliptic (xblt to the aphelion [apogee] 
point. If a proper velocity increnent is added at the ^ihelion point, the 
miggiiA is tioen projected into a circular orbit at this increased al tude. 

This re(94lre? an akhUtional start-stop contiv . for the motor and an au.<.itude 
tolc . reaxi attiUK^] control for the misslu 


a. H. Osborn, R. Gordon, and H. L. Coplen, with Q. S. Janes, "Liquid 
Hydrogen Rocket &igine Development at terojet, 1944-1950," in this voltane - Ed. 


256 



BuAer and JPL-Caltech adapted this ascent technique as a cor.'elatlve axiom, and used it in 
all subsequent engineering studies for the high altitude test vehicle (HATV). It has 
siuoe became standard procedire in all space prx>©:'anis for amftg- urating ascent trajecto- 
ries, for altering orhital altitudes and eccentricity, and, with later modificaticins for 
st?^'^ vehicles, for Improving payload capacity for a given mass ratio- IWtnown to those 
av work on the Navy satellite studies, the same innovation been advanced many years 
before by the Russian astrcxiautical pioneer K. E. I^siolkovsky. 

JPL ccmducted these studies betwe«i December 19^5 arJ July 19^6 under the direc- 
tion of Hcoier J. Stewart and Prax* J. Mallna. Using the stipulations and ascent technique 

28 

suggested by the Navy, JPL calculations conflnned technicsLl feasibility of a single- 
stage liquid hydrogen-oxygen satellite rocket attaining a minimum circular eartn orbit at 
2*»0 km (150 miles) altitude provided: the fuel aid engine combinaticn would perfom 
according to theoty, and that a projected propellant-gross strixitune weight (mass) 
ratio of 0.885 to 0.895:1 could actually be realized. At the same time, in a final 
r^rt, JPL participants felt oblige! to remind the Navy that "the required propellant- 
gross weight ratio could be greatly reduced if a step rocket [staging] were used. For 
exaqple, a two-step rocket would require, for each step, a propellant gross weight ratio 
of about 0.7."^^ 

Ehcouraged by the Caltech work, on July 1, 19^16, the Navy awarcied a secorii con- 
tract to Aerojet Sr>gineeirlng. fiuAer wanted Aerojet to detennine whether a test stand 
value of the si^eciflc linpulse of liquid hydrogen-oxygen was sufficiently near the theoret- 
ical value to justify the JPL conclusions of satellite feasibility, perform a desi@i 
stujy of a liquid hydrogennoxygen rocket engine producing 136,000 kg (300,000 pounds) 

thrust, and fabricate a lat^r hydrogen-oxygen test engine rated at 454 kg (1000 pounds) 

10 

thrust. Ihese prc^xdsion system contracts led to the construction of the large hydrogen 

liquefier mentioned previously, and actual test stand c^ratic^ of the liquid hydrogen- 

oxygen rocket engi.nss that did confixm theoretical performance specifications.^^ Another 

contract was awarded to North American Phillips Oonpany to desigi a lightweight solar 

engine with a 50 watt electrtcal catput to power satellite electronic equipment, and work 

carmenced in BuAer on the guidance and attitude control equipment required for the period 

of unpowered coast along an elliptical tir^jectory prior to insertion in a circular ort)it, 

12 

and for orbit operations. Verification of the structure mass ratio for the single- 
stage vehicle, the second condition stipulated by JPL, also began in mid-1946 as the Navy 
moved into the aigineering desigi of the earth satellite project. 

Meantiine, before most of these early investigations had been conpleted, support 
for the satellite project was solicited from many individuals and at many levels in the 
Navy outside of BuAer. It soon became apparent that full Navy support for an actual 
flight test venicle progi’am — as Admiral Stevens suspected — would be difficult to achieve. 
In Novenfcer 1945, costs for the engineering and preliminary deslgi pluse of the project 
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had been estimated at $5 mlllian to $8 million. 33 •ihe postwar demobilization and cutback 

In Navy appropiiatlons in early 19^6 clearly indicated that whatever progress the service 

0 || 

ml^t attain would have to be managed on a (g«at deal less than $5 mlllian. 

SKSBlLm. IRDSFEST IN TIE AHV AIR FORCES 

Faced with this iipromlsing fiscal situation, meabers cf the Navy satellite 
conmittee approached the Any Air Fbrces In the hope of establlshiig a Joint earUi satel- 
lite project. A Joint project, they believed, might be able to oonaand financial support 
sufficient for flight tests. Hie first meeting between representatives of the two ser- 
vices took place in Uashingtan, D.C. on March 7, 1946, in the office of the Air Force 
Major Gena^al H. M. McClelland. Navy personnel {ov^sented the objectives and static of 
their rocket satellite project, together with a suggested plan for the proposrd Amy Air 
Porces-Navy ejqperinental program to evaluate. Justify, aid, if warrmited, constnut and 
launch a prototype vehicle. Reception of the Navy proposal by the Amy Air Fbrces repre- 
sentatives seemed most fhvorable; ftirthennDre: 

It was agreed at the conference that the ^neral advantages to be derived firm 
pursuing the satellite development appear to be sufficient to Justify a mejor 
program, in spite of the fact that the obvious military, or purely naval ^ipll- 
cations In themselves, may not oppea** at this olme to warrant the expenditure. 

On this basis, the Amy representatives agreed to investigate the extent of 
Amy Interest by discussions with General LeMay and others, after t(hl<^ a future 
Joint conference Is plamed.35 

For several days in March 1946 it appeared teat a Joint satellite project leadir^ to 
fU^t tests might possibly coiiinence in the Uhited States. 

After carefully reviewing the Navy proposal. General Carl S^>aatz, Amy Air 
Forces Chief of Staff, desl 9 ^.ated Major General Curtis E. LeMay, i^ecently appointed 
Deputy Chief of Air Sta^f for Hesearte and Oevelofisent, to represent the Amy Air Forces 
in negotiations with the Navy satellite proposal team. In ndd-Marte. tee Gmieral informed 
a dismayed Conmander Hall that the Amy Air Forces had decided net to support the pro- 
posed Joint satellite project, although he left opoi tee possibility of further discus- 
sions of earth satellites.'^ Amy Air Forces representatives confirmed tee l^paatz-LeMay 
decision at a second meeting in the Researte and Development Ooamittee of tee Aeronautical 
Board on /^rll 9» 1946. Air Force Brigadier Gofieral Laurence Cralgie declaied two 

■jy 

s^>arate programs preferable to one. If earth satellites were to be constructed, 

Cralgie iji^lled, the Ann/ Air Forces intended to be the service to do it, especially 

since the Amy Air Fbrces had adready staked a claim to future military missions in outer 

38 

space. 

Personnel at the Navy Bureau of Aeronautics returned to their single-stage 
satellite rocket investigations with the groups at JITi and Aerojet. Though the encounter 


258 



irfith the Anny Air Forces hawl been a disappointment. It had one positive ramification. It 

pronpted another extensive satellite study. The Amy Air Forces Research and Development 

organization turned to the Project RA® research and, as a first task, instructed 

this newly forrod consultant organization to perfom a separate earth satellite feasibility 

study. Attempts by the Navy Bureau of Aeronautics to arrange another conference met 

with repeated delays while the Air Force satellite study progressed. 

On May 15 the respective service representatives met again in the Research and 

Development Comaittee of the Aeronautical Board. Ihis Board, fonned during World War I 

40 

and conposed of ranking manners from the Am^ and Navy air anns, nonnally met at monthly 

intervals to review new developments and to reconcile "the viewpoints of the two services 
• 4l 

for the mutual benefit of aviation." At this third meeting AAF General Craigie intro- 
duced the Project RAND satellite study "on which the ink was hardly dry, as the basis 
of a bargaining position that the AAF was on an equal or similar development poslticxi 

with the Navy," Harvey Hall reflected. this point on, no fuiTther progress was made 

42 

towards a joint project," But the meeting, acinittedly convened for the purpose of 
coordinating "the initial phases of a [satellite] project . . . and to define service 
respcnsibility, if desirable at this time," bespoke the serious contemporaiv interest in 
an ctTtificial eaz*th satellite: 

a. It is the most promising means that has been suggested for providing guidance 
for guided missiles and pilotless aircraft at ranges in excess of about 

250 miles. 

b. It would provide means for freeing world-wide comrunicaticxTs of periodic 
lack of reliability attributed to outer atmospheric effects. 

c. It mi^t be of xruch value in extending the understanding of meteorology, 
with consequzmt inprovement in meteorological predictions. 

d. It would provide an initial step toward the eventual construction of 

inhabited satellites and interplanetary travel, with far-reachL 
4 ^ 

ixiplications. 

Lacking agreement on which service should be respcaisible for actual tie\»elopment 
of prototype satellite vehicles, however, the members referred the question of jurisdic- 
tion back to the fUU Aeronautical Board for a decision. Ihe Navy merrbers maintained 
steadfastly "that the unknowns involved in this project, and its lirplications for the 
possibility of space travel, render pz^emature any att«rpts to define SeJTVice responsibil- 
ity at this time . . . [but actual development of a satellite should] be undertaken 
jointly by the Amy# the Navy, and civilian science. The Ar^ty members consider that 
because intercontinentad warfare is of paramount interest to the Arrry Air Forces, future 

plans involving actual construction of an earth satellite should be uncter the ccsitrol of 

44 

that organization ..." In the face of these service positions, the ffesearch and 
Development Conrdttee could only recofmend that the Anry Air Foi ^es and the Navy continue 
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separate preUMnary Ijivestlgatlons. Neantlne, the ccnnlttee est^U^ied a fonaal 

sabconnlttee cn earth satellites to further examine Its potential applications, ensure 

4s 

eoonilnatlon, and prevent dvf>licatlcn of efforts between the services. 

SATCrj,raE ENQDCERDC EESICMS 

Without agceement on Joint responsibility, a well-defined use toe earth 

satellites, or project approval from the Aeronautical Board, the Navy satellite study 

project by itself could not connend broad Internal si^jport and the necessary funding. 

Navy participants now realised that (xnstructlon and laund) of a prototype satellite — 

calculated to cost between $50 and $150 million— was at least teoporarlly precluded. 

But further "preliminary investigations*' were assured on May 8, 1946, when the Chief of 

Naval Operations formally approved the BuAer satellite *:tudy project, «id the second 

phase of work be^: vehicle engineering design. In June and July the Navy Bur^u of 

Aeronautics contracted for two major structural design studies, the first with Nco*th 

American Aviation, and the second with an old Navy stalwart, the Glon L. Martin Company 

of Baltimore, Maryland. Both fimB temned with Aerojet Engineering Corporation on the 

47 

engine and propellants . 

On Septeidaer 26, 1946, North American Aviation submitted Its report to BuAer. 

Ihe deslgi study, directed by William A. BoUay, had been carried out In the firm's newly 

established Aerophyslcs Laboratory. R. G. Wilson served as Project Biglneer, with 

individual tednlcal sections pr^>ared by L. A. Gore, responsible for propellants, surface 

heating, and power plant; Bruno W. Augenstein, aerodynamics; R. G. Wilson, weight, 

balance, structural and general desigi; and R. G. Khutsoi, guidance and control. Each of 

the contributors based his work on the Navy stipulated single-stage satellite rocket 

bundng liquid hydrogmi-oxygen, and the JPL specified mass ratio of 0.895:1 maximum. 

North Amezdcan reccnmanded a pressure stabilized ogive structure 26 meters (86 feet) long 

and with a maxinun diameter of 4.9 meters (16 feet). "It Is constructed of stainless 

steel and has nine clustered individual thrust motors. Ihe vehicle is ce^^able of attaln- 

Ina a maximum velocity of 6,820 metei's per second (25,400 feet per second) at an altitude 

48 

of about 225 kilometers (140 miles)" (Figure 1). 

Itorth American designed the Hign Altitude Test Vehicle to weigi 41,130 kg 
(101,400 lbs), broken down into m\)oi* conponents: Prc^llants, 40,000 kg (89,000 lbs); 
payload, 450 kg (1,000 lbs); motor aid accessories, 2,250 kg (5»000 lbs); and structure, 
2,900 kg (6,400 lbs). Ihe starting weight required an initial thrust of 105,700 kg 
(233,000 lbs) varying to about 139,700 kg (308,000 lbs) thrust at adtitude.**^ The firm 
reccxmiended an eventual longitudinal scauLing of the vehicle to about 59,000 kg 
(130,000 lbs) gro. weigit with no increase In tte vehicle's maximum diameter In a final 
ccnfiguation, and an extension in the burning time of the engines from 126 to 165 seccxids. 
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Fig. 1 


Since the structures portion of this projected single-stage vehicle could not «iei^ much 
more than five percent of the total weight of the satellite rocket, the specifications 
called for a propellant-to-structure (ccxitent-to-shell) ratio aji^roaching that of an 
egg. This task, at once an engineer’s aspiration and ni^tmare, eventually would be 
realized. 

Ihe Glenn L. Martin Cocn>any and Aerojet studies contimed for a conplete fiscal 
year, ending ir June 1947. In its first progress report, Martin proposed the use of a 
standard honeycoirb shell construction if the strength requirements could be maintained 
within the tenperat.re and pressure ranges encountered during fli^t into earth orbit. 
Under subsequent testing, engineers found this materiad inadequate to itLet the necessary 
regLme, and they dropped it in favor of the North American thin-skln, stainless steel, 
pressui^stabilized ”bllxt|)” structure scheme. Martin’s extensive ^*nal report, which 
incorporated the Aerojet findings on a 136,000 kg (300,000 lb)-thinist liquid hydrogen- 
oxygen engine, described a truly x*emartcable single-stage satellite rocket embodying 
virtually all of the sub^^stem features presently found in separable booster rockets and 
spacecraft. This report was prepared by Pedro C. Medina and William B. Bergen, with 
support from Charles H. Harry, handled vehicle temperatures and trajectories, and 
Albert J. Devaud, responsible for devising the novel ascent ^dance and control and 
orbital attitude control systems’*’ (Figure 


^See n. E. Fbberson, "Evolution of Spacecraft Attitude Control Concepts Before 
1952," in this volume - Ed. 
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'mtera- (l^A feet) in mxlmm dimeter. gro^s mlgit at Immch ms 
(10^ ^6^8 lba)j Mith a mass ratio of 0.S95:1» Incltding a 653 kg (1350 lb) 
lliese engineers projected the wei#it of the structural shell ard bulkheads at 16 
(3,628 lbs), about 3*5 percent of the gross fedJjia assured a west-to-i 


.ami (V-2) rocke 


uch ua i‘m Bwf»er MAC, the erotlneera at North fe»rl 


launching at equatorial latitudes to take adrajitai;^ of tte earth’s perlifieral ire 
of rotatlcri, tc^ether with a suitable ourtiser of groind statlom located arowid t 
for tracking and data acquisition. 

Unlike the iorth American prototype, the ^rtln vehicle «f|>loyed m ae 
surfaces, and althougii the main staip Aerojet engine repaired fixed, dynmic sta 
was to be provided by four auxiliary cmtrol er^pLnes which would dimp osclllatio 
pitch, yaw, and roll. Tiie p«n>-fed, transplrotlon cooled, liquid hydrogeri'-ojcyge 
engine, ctesi|piea by David A, Young and tobert Gordon at terojet, has! an exit dia 
A.i reters (13 and one-half feet) a“ri an overall length of 6.9 refers (22 and on 
feet) taijerliig to 0.6 retero (2 feet) dtareter at the ctiant»r injection plate, 
would provide 90,%30 kg (223,600 lbs) tlirurjt at sea Ir'vel varying to 136,000 kg 
(300,000 lbs) at altitude, with a sp«jclflc inf^ulse of A25 secofrJs. Its desliqaer 
1,674 kg ( 3 , “83 lbs) to the engine, turbopunf. , valves and plurJbing.'^'^ 

Ttxjufii awai’e at tltls tire that a ssali satellite c»ild be made by milt 



Heurtin responded to the Navy's requirements to see if a larger, single-stage satellite 
rocket could be devised. With the exception of the extensive work on the propulsion sik>- 
system and some electronic devices, these studies were not hardware contracts. Rather, 
they involved preliminary feasibility a.td vehicle desigi studies for the purpose of 
evaluating the u(^r limit to which a single-stage liquid hydrogai-oxygen i^telUte rocket 
design could be carried. The answers were positive and encouraging: with s^rc^rlate 
extension of rocket engine burning times and with smaJ. ijqjrovements in metallurgy and 
electronics, a single-stage vehicle afy>eared definitely feasible. 

TSMINAL EVBfTS 

With the engineering designs cocpleted in mid-19^7, the BuAer satellite studies 
had progressed about as far as they could possibly go on paper. The prospect of a hiatus, 
or worse— ccnplete cessation— of the work, caused IxKllvlduals associated with the Navy 
proposal to seek again authoxdzation of third phase hardware development and constniction 
of a prototype vehicle. But the renewed search for institutional support would be made 
all the more difficult by the unresolved qi^stions of satellite utility, the contini»d 
Interest of the Army Air Forces in a separate satellite project of its owi, and by the 
postwar reorganization of the aimed services. 

Ch January 2^, 19^7, Hear Actoilral Leslie Stevens, Assistant Chief for Research 

and Development, BuAer, sent a letter to the Joint Research and Development Board (JREB). 

Coordination of interservioe requirmnents for earth satellites, he declared, was "beyond 

the scope of action" of the Aeronautical Board, particularly vdien one considered the 

possibility of mutual cooperation bet%#een civilian scientific and ndlitaiy groups. The 

satellite held great potentied for extending basic knowledge through cooperation with 

university scientists. Admiral Stevens ccaitinued, and he proposed that "tb.e Joint Research 

and Development Board establish an agency for the ccordlnatlon, evaluatioxi. Justification, 

and allox:atlon of all phases of the Earth Satellite Vehicle program . . ."by means of 

a new ad hex: JRDB panel oxxpojsed of civilian sciaitists as well as military 
56 

representatives . 

The War Department's Joint Research and Development Board took Actodral Steven's 

proposal under advisement. Shortly thereafter, ipoxi request of the Army Air Forces and 

in keeping with military comity extended in such situations, it was I'emanded to the 

Aeronautical Bo>ard for review before final action. Meantime, hoswever, the American 

military services underwent the most profound reorganization in their collective history. 

On July 26, 19^7, Presiolent Truman sigied the Natioxiail Military Act. A National Military 

Establishment, under a Secretary of Defense, replaced the historic Departments of War 

and N-^vy, and the Amy, Navy and Air Force received equal service status. The Act also 

57 

replaced the JRDB with a Research and Development Board (RDB). 
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Speaking for the Aeronautical Board a few weeks before the Military reorganiza- 
tion, Air Force Lieutenant Gaieral Hoyt S. Wan3ert)erg and Navy Vice Ai±niral D. B. Duncan 
informed the JREB that, notwithstanding Achnlral Stevai's ccsitentlons concerning the 
Interests of civilian scientists, the Aeronautical Board remained conpetent to decide 

matters of eairth satellites. Ihe JRDB, they said, would be apprised of any decisions 

58 

made on the satellite program. 

Thus, throughout the latter half of 19^7 the subject of earth satellites remained 
suspended in both governmental bureaus: in the satellite subconnlttee of the Research 
and Development Connlttee of the Aeronautical Board, and in the JRDB-RE6. In the first 
group, progress on the Air Force and Navy satellite programs was r^jorted and discussed, 
and other prqpossUs on the dispositicm of responsibility for earth satellites ccxisldered. 
For exanple, late in the year the satellite subconmittee of the Aero Board "noted with 
Interest" a second Navy prcposal that offered the Office of Naval Research as a potential 
satellite coordinating agency in the view of the scientific aspects of the program. The 

CQ 

stPconmittee referred the issue to the full R&D Committee of the Aero Board "for action." 

Since the isplications for basic scientific research in outer space rather 
obviously transcended military interests alone, the RDB likewise sou^t to decide vtfiere 
to place government respcnsiblU^y for coordinating earth satellite activity At its 
initial meeting ot December 19, 19^7, the reconstituted Research and Development Boaixl 
addressed this question and the Aercnautical Board's June response. Though the members 
Judged a separate ad hoc coordinating comnittee originally urged by Admiral .Stevens 
unnecessary,^^ they removed responsibility for satellite develofsnents from the Aeronaut!- 
cal Board and vested it in the RDB Connlttee on Guided Missiles.” The Guided Missile 
Conmittee, in turn, assigied an evaluation of all the satellite wortc to one of its sub- 
panels, the Ttechnical Evaluation Grotp. The Committee instructed this civilian-staffed 
Technical Evaluation Group, chaired by Wadter A. MacNalr,^^ to provide an "cpinlon as to 
the desirability of such a [satellite] program, vhether a single Jointly supported pro- 
gram or separate ccnpetitive developments should be sponsored, and an estimate of the 
time scales and expenditures required for conpletlon of the recoimended program. ..." 
by the end of March 19^8.^^ With the log-jam over a coordinating agwicy broken at last, 
the way appeared open for Research and Development Board approval of continued Navy 
satellite work — or perhaps a Joint program, if not with the Air Force, then possibly with 
scientific groups. 

On March 29, 19^8, the Technical Evaluatlcfi Group reported on its evaluation of 
the Navy and Air Force satellite programs. In a three-point opinion, the civilian group 
held the technical feasibility of building an earth satellite; vehicle to be clearly estab- 
lished; however, neither the Navy nor the Air Force, the meriibers declared, had as yet 
offered a military or scientific utility caimensurate with the expected cost of such a 
vehicle. Consequently, the group recoimended that at present, a satellite not be 



constructed. Because severe development problems could be anticipated in building a 
single-stage satellite rocket, the group further reconnended that studies of the utility 
of earth satellites be the only serious activity to caitinue at Project RAND. Ihou^ 
the gnx?) encouraged the Navy to participate with the Air Force in the RAND studies and 
pursue limited develcpment ol' liquid hydrogen-oxygen engines and ll^tweigit tanks and 
structures, the findings clearly spelled a deferral of satellite wortc in goieral, and, 
in particular, an end to the Navy's single-stage satellite rocket. 

A month later in April, Harvey Hall and his associates in BuAer made a last 
desperate attenpt to continue the Navy satellite program in modified fonn. This die-hard 
groip of space scientists now urged construction of liquid hydrogen-oxygen "Interim Test 
Vehicle, MO 7 ," reconfigured to a super performance souixUng rocket that would rise to an 
altitude of 320-640 km (200-to-400 miles) (Figure 3). liiey submitted this proposal^^ to 
an ag subcomnittee of the National Advisory Conmittee for Aeronautics (NACA) that 
had been recently established to explore and organize methods for extending the tables of 
the standard atmosphere at altitudes above 6,100 meters (20,000 feet).”^ If approved 
and built, the Navy satellite prc^xonents hoped the sounding rocket mi^t rally eventual 
financial support for the construction and launch of an earth satellite vehicle. 



Fig. 3 
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In additicai to the NACA Subconmittee on the H)per Atmosphere, Navy proponents 
also sou^t formal acceptance and endorsement of the new rocket fran the RIB*s Geophysical 
Sciences Conmittee. Qy this time, however, the BuAer proposal confrraited severe obsta- 
cles — not only in the form of the Technical Evaluation Group findings of the previous 
month, but in direct conpetition from a conpanlon at arms: the Office of Naval Research 
had al*^ady received Navy approval to construct and launch a sounding rocket for upper 

r Q 

atmosphere reseeirch. According to Hall, the response to this penultimate proposal ended 

all Navy satellite studies at this time. Ibe RDB Geophysicad Sciences Comnittee took no 

action whatever; the NACA Subconmittee on the Upper Atmosphere favoirably endorsed the 

project but had no funds to coirmit to the work. Whatever interest in earth satellites 

6q 

that existed at hi^ier conmand levels in the I'Javy had now all but disappeared. 

In March 19^8, in response to a Presidential ceiling on ejqpenditures for fiscal 

year 19^9 > the Navy Bureau of Aeronautics began transferring the remaining funds earmarked 

for satellites to other projects of more Immediate interest. Ihe Navy satellite effort 

terminated for all practical purposes c«i June 22, 19^^8, when the Pilotless Aircraft 

Division notified Admiral Stevens that ”the Earth Sat.ellite Project has been discontinued 

as such and mrk is now proceeding with «iphasis on the development of a liquid-oxygen, 

Hquid-hydi*ogen rocket engine. When this power plant appears feasible, fli^t test 
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vehicles will be designed and constructed.”’ 

At Aerojet, work on this last remaining satellite component did continue for 

one mor*e year, but suffered from technical problems associated with engine heat exchr « ' 
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azxi chamber cooling processes. That effort concluded In 19^9, ringing down the 

on Navy satellite efforts in the 19^0s. The total cost to the Navy of all satellite- 

related work coiducted between 19^5 and 19^9 has been estimated at approximately $1.5 mil- 
72 

lion.’ Ironically > when the satellite program expired jn the BuAer Pilotless Aircraft 
Division, the Navy reprogrammed the remaining funds (around $170,000) to the Office of 
Naval Research for development of the Viking sounding rocket, also under caitract at the 

7*3 

Glenn L. Martin Conpany. In time. Viking became the first stage booster for America’s 
Intematicaial Geophysical Year satellite in the mid-1950s. 

CONCLUSII^ 

The earth satellite studies undertaken by the Navy Bureau of Aeronautics in the 
late phases of World War II responded to (1) rapid wartime advances in rocket technology 
at home and abroad, (2) an encounter between members of an Allied technical intelligence 
team and German rocket specialists from the Peenemunde rocket base, and (3) accounts of 
the V-2 ballistic missile and its potential applications published in open literature 


^See M. W. Rosen, ”The Viking Rocket: A Memoir,” in this volume - Ed. 
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and In contemxirary Intelligence reports. Ihese investigations took place before the 

74 

Invention of the transistor, the develcpnent of solid-state circuitry,' and the spread 
of digital conputersj they were conpllcated further by questic»is of satellite utility, 
military Jurisdiction, the technical difficulties Involved in a slngle-^tage, hydrogen- 
oxygmi satellite rocket, and the projected costs and economies of the moment. It is 
reasonable to assune that one or a combination of all these conditions would have deterred 
the endeavor in tiie years that innediately followed. Ihe participant's inability to 

7*5 

secure Navy sipport outside BuAer, added to tlese factors, prefigured the denouanent. 

Before March 1948, a Navy decision to proceed to third-phase construction of 
a prototype hydrogen-oxygen single-stage satellite vehicle was, ultimately. Hear Adnired 
Stevens' to make. Ihe Admiral, a man of strong convictions, sunnised that a third-phase 
hardnare program in 1947-1948 woulo involve a technical undertaking of colossal prqpor- 
ticns, with little prospect for any early return on the investment. Without broad inter- 
nal Interest or lolnt service spcxisci'shlp for a satellite program, he elected not to 

rjC 

proceed. ' If keen enthusiasm ranained evident throughout this period among individuals 

in its research bureaus. Influential members of the qperating am of the Navy remained 

gaserally unaware of — or at least not much taken with — these studies or the satellite's 

77 

potential applications." The demise of Navy-QuAer satellite studies in the late 1940s 
appear to devolve from these two Inteirelated causes: reserved institutional suppoi’t 
(tdiidi is normally reflected in priorities), and contenporary exigaicles associated with 
techiology, cost, and veld.de ut'llty. 

On the other hand, the Air Force — a relatively new service primarily concerned 
with fll^t in and beyond the atmosphere — moved actively into satellite research. Prompted 
by the Navy wortc, the Air FoiTce soon Issued orders for auJtlve institutional support of 
an earth satellite program at the hl^st levels of comnand. ' Ihls Interest was sus- 
tained, waited on or advanced the required technology, and culmin'^ted in the 'Dior-Agena 
and Atlas-Agena satellite flints that began eleven years later, xn 1959. 

Ihou^ the aspirations of Haviland, Hall, and their Navy colleagues would not 
be fulfilled as rapidly as they wished, an historic milestone had passed for astronautics 
in the late 1940s. Ihe techilcal feasibility of space fUgJit — as opposed to the theoret- 
ical feasibility of this activity developed by Gksddard, lUlolkovsky, Oberth and others 

durlt^ the early years of this caitury — ^had been firmly established and offlclsLLly 
79 

acknowledged. Questions asKed and answered w 'dd no longer remain focused on astro- 
80 

nautical theory, but on practicalities of vAien and how, and on satellite utility. 

Answers to these questions would come in the decade to follow. 
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LI«JID-HYDROGEN ROCKET E1«}INE EEVELOPMEMT 
AT AEROJET, 194»»-1950'*’ 


George H. Osbom, Robert Gordon, and Heman L. Coplen with George S. James (USA)"*^ 


I. iNTOaxjcncw 

In the early 20th century, many early rocket pioneers favored liquid hydrogen; 
however, none of them used hydrogen as a rocket fuel because of its extreme phj^sical 
properties and scarcity. Illustrative of the properties that make practical handling 
difficult is a boiling point of -^26^^ at one atmosphere, and a density about one-seventh 
that of water. Interest in the methods and apparatus used in hydrogen gas liquefaction 
increased significantly in the mid-19^0s when handling methods were developed to supply 
liquid hydrogen for the steadily increasing requirements of basic research. The authors 
had the good fortune to participate in one of the earliest programs in c? United States 
to systematically investigate hydrogen-oxygen propellants for high-energy rocket engine 
application. 

Prom late in 19^4 to the cession of tests in August 1949, tne hydrogen-oxygen 
programs at the Aerojet General Corporation, under the sponsorship of the Navy Bureau of 
Aeronautics, advanced these propellant., from theoretical perfonnance studies to practical 
sources of high specific impulse. Specifically, this work tested transpiration-cooled 
thrust chambers, investigated the concept of ablative-cooled thrust chambers, developed 
the first successful 1,000-lb-thrust gaseous-propellant rocket engine, conducted the 
first tests of the effect of Jet overexpansion and separation on performance of rocket 


+Presented at the Fourth History Symposium of the Intematlonrl /'•cademy of 
Astronautics, Constance, German Federal Republic, October 1970. 

Osbom, Assistant to the Vice President, Engineering operations. Aerojet 
Liquid Rocket Carpany; Robert Gordon, President, Structural Conposices Industries, 

Azusa, Calif. 91702; H.L. Coplen, Manager, LOFT Program, Idaho Nucleai* Corporation; and 
G.S. James, Program Manager, Intergovernmental Science Public Techi^oiogy Division, 
National Science Foundation, Washington, D.C., 20550. 
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thrust chanfcers, ccnstzucted and operated the first continuous 24-hour-operatlon 
hydrogen liquefaction plant specifically devoted to rocket engine use, cc»iducted the 
first Uquid-hydroger. tests of the coaxial injector, developed a 3»000-lb-thrust liquid- 
hydrogen thrust chamber, and tested the first punp to successfully produce hl#i pressures 
in punping liquid hydrogai, demonstrating tiiat pumping liquid hydrogen In a turbo-rocket 
engine was perfectly feasible and could be acconpj.lshed with a single-stage coitrlfugal 
punp. 


n. EARLY HYIHMEN-OXYGEN IHRUST CHAMBER TESTS 

In Decenfcer 19*»^, FWtz Zwlcky, then Director of Research for Aerojet, wrote 
a fined r^xirt of research and developmait activities for the Bureau of Aeronautics, Navy 
Department, (COiitract N0a(s)-3055)- Zwlcky surveyed the work being conducted at various 
institutions associated with the Navy progran to produce chemlceds conmercially that 
would allow actual Jet velocities between 9,000 feet/sec and 10,000 feet/sec. 

Hiese chemicals were mostly boron compounds of a nature rest then ccmroercially 
available.^ The value of boron hydride compounds as a combined source of hydrogen and 
hi^ chemical energy had beai Indicated early in 19^^ by James M. Carter of Aerojet.^ 
Subsequently, under Contract N0a(s)-5350, Donald L. Annstrong csdculated that specific 
liipulse of 311 at 600 psl chamber pressure was theoretically possible for an aluninum 
borohydrldeA»ater reaction. 3 In a s^jarate report under the same contract Paul W. Webster 
calculated chat the performance of hydrogen-oxygen as gaseous propellants would be sid>- 
stantlally hl^ier chan that of the boron corqxounds.^ 

With this theoretical background, the first gaseous-hydrogen-oxygen ttirust 
chanber tests were conducted at the Azusa proving grounds on October 15, 19^5 During 
*■ first test the uncooled tlmist chamber burned out conpletely (Injector, chamber, and 
nozzle) in 15 seconds. During the bidef period of equillbruim, engineers measured a 
thrust of 45 lb at 375 psia chamber p: ssure with an estimated exhaust velocity of 8470 
ft/sec. For the next test a specially deslgied water-cooled injector and a regulator 
water-cc^led nltromethane type nozzle and chamber were used. Performance was 100 lb 
thrust at 295 psia chamber pressure with an estimated exhaust velocity of 7280 ft/sec. 

With the water-cooled thrust chamber an average heat flow density of 3-3 1/2 Btu/sec In^ 
was measured, although the chamber eroded sll^tly In the region adjacent to the 
Injector.^ 

By February 1946, the test facilities had been enlarged to allow the testing of 
thrust chantoers of ip to 500-lb thrust. Pro- .slon for water cooling the chrust chambers 
consisted of a 1,000-gallon water tank and a centrifugal pump which sippliti 50 gallons 
per minute at 150 psl. Pixjpellant was drawn from trailer trucks furnished by the National 
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Cylinder Gas Conpany. The oxygen trucks had a capacity of 33,000 cubic feet at standard 
conditions; the hydrogen trucks had a capacity of 28,000 cjbic feet at starxiard con- 
ditions. With the :::iven fuel capabilities it vras possible to run a 500-lb-thrust chamber 
for five and one-haLLf minutes before the hydrogen was depleted. \ second series of tests 
with the 100-lb -thrust chamber was conducted during March 19M6. The first test, using a 
mixing chamber injector burned out the injector after seven seconds; the second test with 
a modified injector was successful; and the third test ran for 60 seconds without damage. 
Starting, operating, and stopping the thrust chaiit>er presented rK> unusual hazards. Stares 
and stops were very smooth and without any explosions. 

The motor was started by opening the propellan' valves (an electric spai^c was 
on at all times) while holding the throttles closed. Ihe throttles were then 
advanced maintaining a rich mixture (excess hydrogen) until the correct injection 
pressure was reached; both throttles could then be aavanced or retarded together 
to vary the thrust while holding constant mixture ratio as in normal multi- 
engine airplane operation. However both throttles could be jockeyed separately 
in order to vary the mixture ratios. Control was p>osltive and smooth throu^i- 
out. motor was stopped by closing the throttles to reduce fuel flow to 
a low value. The prepellant valves were then closed. 7 

Development of 100- to ^00 -''b gaseous-hydrogen-oxygen thrust chambers ccxitinued 
for the Bureau of Aeronautics, under Task 6 of Contract NOa(s)-7968. Various techniques 
of cooling were explored including transpiration cooling (liquid and gas), convection 
cooling, radiation cooling, and heat capacity cooling. The most successful waterv-trans- 
plrat ion-cooled tliru;3t chamber, shown in Figure 1, operated for 60 seconds without damage. 



Fig. i 

Driwing of Porous I'^tal Tlirust Chajnljer iv 
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^ conbustion chanber wall was made of porous bronze (Ollite). In subsequent tests the 
corbustion chsnber wall was cooled with gaseous hydrogen while the injector and nozzle 
were water cooled. An sdl convection-cooled thrust chanber of cc»iventio lal design with 
a De Laval type r»zzle was developed for conparison purposes. It successfully opei'ated 
for 1 minute with hl^ perfontance for such an early test (aee Table I), and confirmed 
the perfontance of the hydrogen-oxygen propellants as predicted by Paul Vfebster.8 TMs 
thrust chanber, shown in Figure 2, used externally circulated water as the cooling 
Liquid to obtain basic heat transfer data for desl©i of future motors and to develop a 
"woiic hoi?se" motor that could be used to test expcxdmental motor parts of any design. 9 
Teflon chanbei’ liners were tried as ablative liners to reduce the heat flow to the 
chanber. Uils they did effectively. However, the strength of Teflwi when heated proved 
to be ’/ery lew, and the material did not have sufficient scructural str«igth to stay in 
the chanber for more than 15 seconds. 

Ihe rate of reactlcai for gaseous hydrogen-oxygen proved to be extremely rapid 
compared to liquid phase propellants. Consequfflitly, a marked decrease in chanber voLime 
(or L*) appeared possible. In considering designs of small L* thrust chambers, it seemed 
probable that a thrust chanber configuration consisting of a cylindrical chanber dis- 
charging into the divergent porticsi of a nozzle should give good performance. This con- 
figuration, called a "flared tube" type, apjesored des.lr-able from the nozzle cooling stand- 
point for small thrust chanbers. It also appeared to be advantageous for largje -thrust, 
higi-altl cude thr;st chanbers because of the re^)ld increase in nozzle size relative to the 


TABLE I 

PERFORMANCE OF lOO-POUND -THRUST, CC»JVECTION-WATER-COOI£D, 
GASEOUS 0XYC2N/GASB0US HYDROGEN 'IHRUST CHAMBER ASSEMBLY, 19^16 


Chamber Pressures 

300 psia 

500 psia 

Thrust 

100 lbs 

100 lbs 

H 2 /O 2 Kriar Ratio 

3:1 

3:1 

Isp 

311 sec 

336 sec 


10,000 ft/sec 

10,850 ft/sec 

c» 

Y'^^O ft/sec 

7970 ft/sec 

Cp 

1.3-41 

1.360 

1 

110 in. 

188 in. 
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Fig. 2 

Draviring ol* Convection-Cooled Oxygen/Hydrogen Thrust Chaniber Assembly 


combustion chamber. Consenuently, engineers decided to make a flared tube tJirust chamber 
with an L* of 10 from v-.ast ele '^trolytic copper. Results from the test of this thiiist 
chani>er lea to the fabrication and testing of additional flared tul^e i:eat capacitance 
chambei'S with L**s of 2 and 5- Maximum values of specific inpulse frc.., the four tests 
conducted during June 1946 were obtained over a range of L* values from 4.5 to 7 inches. 
For L* values of 2.0 inches or greater, Isp was not less than 300 seconds. Ti initial 
tests indicated that the flare! tube thrust chamber ^ .figuration was efficient orxl could 
result in savings in weight and could sinpliry tlirust cliamber desi^. 

As a result the above tests, two water- transpiration -cooled 300-ib-thrust 
chambers were constructed from Olllte (Figure 3)* However*, the coolant flow rates were 
found t' be ver^ low and the porosity of the partlculai* pieces of Oilite much Jess tha 
that of previous pieces. In test' , the tnrust -'•-jamber suffered erosion due to the lack 
of adequate cooling. The final report concluded that the operation cf t 'rur>'r cyis-.iibers 
at exhaust velocities above 1",000 ft/sec (310 sec isp) had c'^come conmoiiplace 
gaseous hydrogen and gaseo» ox^'gen. Ilie report recommendea thiat hydror^n, es.pedolly 
liquified hydrogen, offered real and inmediate b'^nefJts for loruvrange, large-scale 
rocket propulsion. 




Pl€- 3 

Drawli^ Oilite Flared Tube Tlinist Chamber Assentoly 

m. 300,000-I£-'ffiRUSr HYDRCX3EN-OMfG©I ENSDE EESIOJ STUDY 

The requirements of Havy Contract M0a(s)-8A96 issued in July 19^6 called for 
the design study of a 300,OOC-lb-thnist rocket engine usir^ liquid hydrogai and ox^-gen 
as propellants, and the development of a gaseous-hydrogen-oxygen rocket thrust chantoer of 
1,000-lb Uirust capable of three minutes operatlcxi at 300 seconds Isp. The desi@i study 
would provide a liquid-hydrogai-oxygen i\x:ket engine suitable for use in a high-altitude 
test vehicle, such as the single-stage satellite vehicle, under study by the Glenn L. 
Martin Conftany uniter Contract NOa(s)-8376^^ and North American Aviation under Contract 
NOa{s)-83*»9.^ 

The target specif icaticais included a rated thrust of 300,000 pounds in a 
vacuum, a specific lnpulse of 310 seconds at sea level and 425 seconds in a vacuum, a 
wei^t less than 4,000 pounds, and a duration greater than 300 seconds. Tables II and 
III present additional details. Activities devoted to a 1,000-lb-thrust gaseous engine 
supplied experimental data for the design study, as discussed in Section TV. Various 
thrust chamber configurations were investigated with special reference to the variation 
of performance and pressure distribution in tubular and flared tube thrust chanbers.. 




Genn^ observations wav nade in an effbrt to detenaine the thenBodynanlc behavior of 
the prof)eUant gases. Thtsi^iratlon cooling ms investigated with special reference to 
the developaent of sources of sigiply of the various types of parous naterlals and to the 
detenadnatlon of the flow of coolsnt required for the protection of the tirust d ' la atow 
walls. 


TABl£ n 

SUNMRf TARGET SPBCXFICAIIGNS FOR 300,000-FQUfMHRUBT 

ljqUlD-OOCKaiazqLaD4I^^ rocket BCDC 
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TWIE m 

SnWNff OP FW CESION MCOl FOR 300,COO-F(XIIU!WUSr 
USfOD-aXXCEt/U^^ fOCRET BOZIE 



IH2 

U>2 

Capacity (Q gpa) 

U,100 

3,660 

Rropellant IKapor Pressure Heads 

490 

30.3 

(Hyft) (ISpaia) 



Suction Head (i^ ft) 

1,353 

117 

Suction Head Above Vapor R(«ssure 

863 

86.7 

(Hsv ft) 



msdiarge Head 0^ ft) 

24,550 

1.517 

Thtal Heal (H ft) 

23.200 

1,400 

Cavitation Constant (o) 

.0372 

.0621 

Shaft Speed (N rpm) 

11,000 

11,000 

No. lipeller p^ Stage 

1 

6 

No. Stages 

4 

1 

Inpellm* Diameter (d in.) 

13 

6.25 

Specific Speed (Ns rpm) 

1,860 

1,180 

Nater Horsepower (H.P.^) 

4,610 

1,480 

Efficiency (t) (Estimated) 

75 

75 

Shaft Horsepower (H.P.g) 

6,150 

1,970 

Total Shaft Hcarsepower Required 

8120 


During the 300,000-lb'thrust chamber design study the follONlng assuiptlons 

were made: (a) Propellants would be injected as liquid hydrogen and liquid oxygen, (b) 

the perfarmance of the propellants calcrxLated on a basis of non-dissociation of the 

combustion products, (c) two percent of the total propellant flow wcxild be diverted for 

the turbine, and (d) the hydrogen required to cool the motor would be available ftxxn the 

111 

extra mole of hydrogen in the 3:1 molar ratio. The requirements led to the choice of 
a transpiration cooled flared tube thrust chamber with an extremely hl^ expansion ratio. 
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It was believed that the flared tube thrust chaidber would help keep the welf^t of the 
propulslcm system down, while the hi^ expansion ratio and the propellants chosen would 
give the required perfarmance. H>e large expansion ratio decreased the relative size of 
the cdriaustlon chaoiber and resulted in a thrust chanba* tddch appeared to be almost 
entirely an expanding section of a nomal de Laval nozzle. 

Press and fUmace capacity limited the available size of porous metal sheets. 
Consequently, a metal spray te<*nlque under (tevelopment by J. Whiff of the Nassadiisetts 
Institute of Technolo^ was proposed for caistrw:tlon of the 33.percent porous stainless 
stee.l conbustlon (dianber imer liner. Ihe material dx>sen for the outo? shell of the 
thrust chaiber tes Stainless W, an e:q)erlmental alloy produced by the United States 
Steel Caapany.^^ 

Punp capacities, determined by the thrust and specific inpulse of the thrust 
chanter, the mixture ratio and the propellant (tensities, were 11,100 gallons/kinute of 
liquid hydrogen and 3,660 gallcns/hiinute of liquid oxygen. Because pimp vapor pressure 
head at the entrance of the pimp affects pimp cavitation, efforts were made to minimize 
this factor. It was assumed that the propellant would be carried in special tank trucks 
under atmosi^i^c pressure until being delivered to the test vehicle propellant tanks. 

It was also assuned that the tardcs, pipes, valves, and pimps would be cooled by evapo- 
raticxi of a small quantity of pnpellant so that when the bulk of the prcpellant supply 
had been delivered to the test v^cle propellant tanks it would have practically the 
same tenperature and haice the same initial v^or pressure as it had in the tank trucks. 
This would result in a hyiJrogen v^r pressure head of 490 feet of liquid hydrogen and an 
oxygoi vapor pressure heeid of 30.3 feet of llcjuld oxygen (see Table III above). 

The design of the gas turbine was undertaken with the reallzaticwi that only a 
basic (teslgn could be fomilated without extensive ejqierience in the use of hydrogen 
and oxygen as gas turbine propellants. It was deci<ted that the prcpellant combination 
used for the main thrust chamber would also be used for the tuthine because of its hlf^ 
specific ttipulse, and because it helped keep the test vehicle mass ratio as hl^ as 
possible. The turbine (tesigp data is simmarized in Table IV.^^ Ihe final report on the 
erjgine desi©i study. Issued on 31 March 1947,^^ concluded that a 300,000-lb-thrust oiglne 
was entirely feasible. Though many detail problems remained there were no fundamentfil 
reasons vrtiy such a propulsion system could not be built to propel a single stage satel- 
lite vehicle as shown in Figure 4. 

The 300,000-lb-thrust chairber was desl^ied to give the performance of 425 
seconds specific Impulse as specified. A chanber pressure of 500 psla was assumed. 
Calculations indicate that the total power plant weight would remain essentially constar. 
between chanber pressures of 300 and 500 psla, so the latter figure was chosen. Perform- 
ance would be affected by the mixture ratio of the propellants. Increasing the hydrogen 
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TWEIE 

SUMARY GF 1VH&INB DESKaf DATA R» 300,000-F0tN)-'niRUST 
IJQDID-OKYGai/UqqilUl!^^ ROC3CET BIHNB 


Pupp Horsepower (H.P.p) 

8,120 

Accessory Horsq>ower (H.P.jiqq) 

80 

Ikirblne Hcsrsqx)wer (H.P.t) 

8,200 

■PiTblne Riel 

Hydrogen 

Hirblne Oxidizer 

Oxygai 

Bucdoet Velocity (U ft/sec) 

1,209 

Hirbine Uheel Vorlclng Stress 
(St Ibs/ln^) 

30,000 

Bucket Teiqperature (%) 

1,500 

Chamber Tenperature (T- op) 

1,580 

(Tc op) 

1,130 

Mixture Ratio (N.R. mols iydrogen: 
mols oxygen) 

14:1 

Chanbar* Pressure (P^ lbs/ln.2) 

500 

Discharge Pressure (P^ Ibs/ln.^) 

18 

Discharge Tenperature (T^ ^) 

460 

Enthalpy of Products of Coobustlon 
in Uianiber (he Kcal/0n) 

1.89 

Ratio of Specific Heats of Products 
of C3ooibustlon (Y) 

1.37 

Ehthalpy of Products of Coobustlon 
at Exit (l^ Kcal/gn) 

0.74 

Change in Enthalpy of Products of 
Coobustlon (Ah Xcal/gn) 

1.15 

Dlsdharge Velocity (C ft/sec) 

10,180 

Heat and Hirbulence Loss Rtetor 

0.90 

Absolute Velocity of Oases Entering 
Buckets (VjL ft/sec) 

9,650 





TAEH£ IV (Continued) 


SUMAFOr OP TORBINE EESIGN DATA FOR 300.000-FO(MD-1HF(UST 
I1QUID-0XYGEH/UQUID-HYI»0^ ROCKET ENQDE 


Absolute Angle of Gases Entmring 
Buckets (oi« (teg) 

26.5 

Relative Velocity of Gases Entering 
Buckets (V 2 ft/sec) 

8,600 

Relative Angle of Gases Entering 
Buckets (Bx deg) 

30 

Bucket Loss Ooefficient (Y) 

0.6A5 

Relative Velocity of Oases Leaving 
Buckets (V 3 ft/sec) 

5,550 

Relative Angle of Gases Leaving 
Buckets (B 2 deg) 

30 

Absolute Velocity of Gases Leaving 
Buckets (Vi| ft/sec) 

H,560 

Vectorial Difference in 'Pangentieil 
Ccnpcni[»its of Absolute Vel<x:ities 
of Gases Entering and Leaving 
Buckets (aV^ ft/sec) 

11,000 

Mechanical Efficiency of Hirblne 
(Estimated) 

0 . 9 ^ 

Propellant Consuiptlon 

(W lbs prcpellant/sec) 

11.7 

(Wf lbs hydrogai/sec) 

5.46 

(Wq lbs oxygen/sec) 

6.24 


above stoichiometric would reduce the coiti)ustion tenperature and Increase the perfonn- 
ance. However increasing the hydrogen content would reduce the density Ijipulse.^® Since 
the optimum performance occurred at aboit 3: If this mixture ratio was chosen. The 
calculated p>erfonnance at sea level was 330 seconds specific Ispulse at 223, 600-lb 
tnrust. As designed, this thrust chamber had an exit diameter of 13 1/2 ft, a chatrber 
diameter of 2 ft, and a length of 22 1/2 ft. It would be hydrogen transpiration cooled, 
with s^sarate coolant control to 28 conpartments. The permeable inner liner consisted 
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Pl€. 

Drawing of Earth Satellite Vehicle (Qlenn L. ^fa^tln Scheme No. 5) 

of 33$ porous stainless steel, 1/8 to 3/16 inch thick. Ihe outer motor wall, 
circular ribs, and Icwigerons were of StalrJ.ess W. Uie calciilated total thrust chanter 
weighs was 2678 lb. 

In the puirp desigi studies the factors affecting shaft speed, nurtoer of 
Inpellers per stage, nunber of stages and impeller diameter were analyzed. Punp layouts 
were prepared and weight calculated. In the turbine design study the factors affecting 
propellant consvnptlon and turbine udieel stresses were analyzed. A turbliM layout was 
p rep a red and the weight calculated. As a result of these studies it was concluded that 
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a turbopunp of the following description (Figure 5), would be suitable for pressurizing 
the liquid-hydrogen and liquld-oxygoi propellants for a 300,000-lb-thrust hl^Jv-altitude 
rocket engine: 

Weight of turbopuBp 850 pounds 

Length of turbopunp 70 inches 

Maxlnun diameter of turbc^iump 30 1/4 inches 



Pig. 5 

Drawing of Turboptmp Asserbly, 300,000-Pound-Thrust Engine 

Pour snail engines mounted parallel to the center line appeared the best method 
of controlling roll, pitch, yaw, and for changing the trajectory of the satellite vehicle. 
These engines would cerate continuously and would change the directloi of their thrust 
by pivoting their thrust chantoers. The size of ttese control engines could not be estab- 
lished without a fi ; determlnatlcai on the amount of turning manent required to control 
the vehicle. Thming the snail thrust chambers with servo mechanisms presented no special 
problems. 

A schematic diagram showing the major elements of the main engine caitrols, the 
stall engines, and the small engine controls is presented in Figure 6. The valves and 
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Pig. 6 

Scdienatlc Diagran, 300,000-Pound-liirust Eligine, Controls 


plimblng, because of tte very large size and low teoiierature, ottered problems well 
beyond any available equipment. Ihe wel^t of these elemaits Including the necessary 
insulation was estimated at 335 pounds. 

Ihe dry weight of the aigine, not Including the control engines, was as follows: 
Ihrust Chamber 2678 pounds 

Thrbopunp unit 8^0 pounds 

Valves and plumbing 355 pounds 

3883 pounds 

The total weight glvai above was within the target we:I#it. Aerojet recotimended that a 
development program be instigated in order to find soluticais to the fabrication and pro- 
pellant handling problems brcHight cmt by this desl^i study. 
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IV. 350-LB-AND 1000-IB -THRUST GASEDUS.J«EROGEN-CHCy(fflJ THRUST CHAMBERS 


During the work to produce a l»000-lb gaseous engine, aiglneers developed a 
350-lb-thrust, 5 l/2-4nch L*, flared tube, watejs-convection-cooled, thrust chamber 
that was (^Derated undanaged for periods of more than 1 minute with gaseous hydrogen and 
gaseous oxygen as propellants.^^ This thrust chamber (Figure 7), operating with a 
3 Hg/Og molar mixture ratio at 300-psla chamber pressure, delivered 330 seconds specific 
impulse (95X of theoretical Isp). 



ng. 7 

Drawing of 400-Pound Llquld-Ctoled Thrust Chamber Test Assembly 

On June 26, 1947, a 1000-lb-thrust chamber which ccitpletely fulfilled the alms 
and specifications of Contract NOa(s)-8496 was successfully tested. The specification 
test was made on the thrust chamber (Figure 8) with a 19 1/2 percent coolant water flow. 
The ccxiflguration was a modified flared tube, with the nozzle portion of the motor water 
transpiration cooled, using porous nickel as the liner material. The injector was con- 
vection cooled with the water subsequently used for transpiration cooling. The test run 
was terminated by the operator after I 90 seconds elapsed time, of vrtilch 183 seconds were 
at full perfomince. The minlniLim perfonnance maintained for the 183 seconds period 
appears below. 
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Pig. 8 

Drawing of 10CX)-PourdJhrust, Flared -T\ibe, Hybrid-Cooled Tlirust Chantoer 

Itirust = 1230 lb 

Isp * 309 secc»rls 

Pq “ 500 psia 

H 2 /O 2 = **:1 molar ratio 

Coolant - 19 V2% 

These ejq)erlroental thrust chambers were designed on the same principal' used 
in the design of the motor of the 300,000-lb-thrust; rocket engine; in general, they ccmt- 
flrmed the desigi data for the large thrust chamber. 

V. LAHGE-SCAI£ PRODUCHCW AND HA1©LING OF LIC»JID HYI«0GEN FOR THE 
XIill6-AJ-2 ENGINE AND PTV-N-3 VEHICIE REQUIREJENTS 

During July 19^7, Contract N0a(s)-8496 was amended to authorize the development 
of a liquid oxygen-liquid hydrogen engine, the XL 1 RI 6 -AJ- 2 , suitable for use in a small 
scale version of an earth satellite vehicle, the FTV-N-3, under study by the 
Glenn L. Martin Conpany. 
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The initial targ?'; specifications of the oigine were: 

Thrust 2000-3000 lb 

IXjraticn 60 seconds 

Isp 303 seccaxis minljiun 

Weight 1 5 1>^ maxljnin 

Ehglne Inlet Pressure 35 psla maxlmin 

This section of the pap^ describes tte develc^xnent of the Aerojet liquid 
hydrogm plant vMch s\^lled the original 4.1Lpound (30 liter )-per-hour require.. jnts, 
and, subsequoitly in August 19^8, the requirements of 12 pounds (76 liters) per hour 
Mhen the engine thrust was lncre^lsed to 3000 lb, nominal, and its duration of burning 
extended to 180 seccxids. Uie revised XIiU6-AJ-l engine and PIV-4J-3 vehicle specifi- 
cations are shown in Tables V and VI. In 19^7, the requirement for liquid hydrogen for 
the Aerojet contract had been initially estimated at 3000 to 6000 pounds d^)ending an 
the cost. In addition, the Jet Propulsicn Laboratory at the Calif <«*nla Institute of 
Technology required fl?cm 1300 to 2000 pounds for an Airny Ordinance sponsored program. 
This combined demand could be met by a 25 liters/hour hydrogen llquefler similar to the 

Oil 

installation at the Ohio State Cryogenic Laboratoiy, desigied by Herrick L. Johnston. 


TABIZ V 

SlIMARY OP SPECIFICATIONS FOR TOE XUU6-AJ-2 ROCKET ENGINE 


Propellants; 

Liquid hydrogen and liquid oxygon. 

Motor: 

! 

Single cylinda?, fully glJribaled. Maximum 
deflection ±15° with approximately 5 cycles/ 
second response. Servo mechanism not a pc tion 
of the motor. 

Mixture Ratio: 

U-l/2:l hydrogen to oxygen molar ratio, overall. 
(Note this change from 5:1 is made to facilitate 
motor cooling and will require Bureau of kero- 
nauticB approval). 

%>eclfic I^ulse: 

303 sec minimum. 

Thrust: 

3000 lb nominal at sea level. (Exact definition 
is 10 Ib/sec of prc^llant caisutiption at above 
mixture ratio.) 

Duration: 

3 minutes nominal. 

Propellant 

Pressurization: 

Tiahopump, same prc^llants. 

Weight Breakdown: 

Motor, pnmps, and valves 85 lb 

Olmbal ring iS lb 

Suction Pressure 
(NPSH): 

35 psla nominal, subject to experimental 
verification. 
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TABLE V (Continued) 

SIMWRY OF SPECIFICATIONS FOR THE XLR1&-AJ-2 ROCKET ENGINE 


Dlmenslois: 

To fit into a truncated cane approximately 2 ft 


dia. at motor end, 3 ft diameter at turbopimp end 


(this diameter to be considered fixed) and 


approximately 1/2 ft long. 

Electric Power: 

24 volts dc from external source. 


TABLE VI 

SIMWRY OF SPBCmCATICNS FOR THE PTV-N-3 PROPULSIVE TEST VEHICIZ 


Propellants: 

Liquid hydrogen and liquid oxygen. 

Weight: 

2000 - 2500 pcxmds gross. 

Payload: 

95-lb telemetering gear. 

Bfasr Ratio: 

0.65 - 0.7 propellant wei^t/gross wei^t nominal. 

Wei^t: 

1300 - 1750 pounds. 

Structure: 

Pressurized thin-skin integral-tank construction. 
(Stainless Steel estimated at .020-inch thick.) 

Pressurlzaticai: 

Evaporated prcpellants at 35 psia nominal. 

Power Plant: 

Aerojet XLR16-AJ-2 rated at 3000-lb thrust nominal. 

Length: 

25 - 29 ft depending on gross weight. 

Diameter: 

3 ft maximum. 

Shape: 

Ogive nose (65-ft radius) 13 ft long. 

Cylindrical body (3-ft dia.) 11 ft. 

Boat Tail Motor Corp. (1.96 ft minimum) 4 1/2 ft. 

Control: 

FUlly glmbaled motor for pitch and yaw control. 
Hu?bine exhaust for roll coitrol. Controls 
powered by hydraulic pressure. 

Filling: 

External suoport for structure allowing pro- 
pellants to be held at 1 atm pressure (or 
subcooled) until innedlately prior to take-off. 
Oxygen filling connections in space between tanks, 
hydrogen filling in motor coiparfanent or in space 
between tanks. 

Insulation: 

a) Internal fUzz type. 

b) External drop-away blanket, helium filled. 

Motor Corpartment : 

Helium filled prior to firing. 

Electrical Supply: 

- ^ 

24 volts dc. 


296 






Coimercial producers were contacted but they either believed large-scale 
prt)ducticai of liquid hydrogen to be unfeasible, or quoted prices considerably hi^ier than 
would be incurred if Aerojet constructed and operated a plant at Azusa. Additional check- 
ing on the cost of an Aerojet-built plant indicated that the totad cost to build and 
operate it w^xild be $100,000. In view of the considerable difference between the 
coonercial and the Aerojet estinate in both cost and cc^ivenience, a request was made to 
the Bureau of Aeronautics for pennission to erect and operate the plant at Azusa. 

Aerojet received verbal approval in September 19^7 » and action was initiated to obtain 
the consulting services of H. L. Jotviston of Ohio State Ik-lversity. 

Dr. Joivistai spent October 13-16 at Aerojet in ccaiferences on the detailed 
desi^ of a plant utilizing ccRiaercial gaseous hydrogen and liquid nitrogen as a pre- 
coolant instead of liquid air. He returned to Ohio State to prepare drawings of the 
specicd units required for the liquefaction cycle and to siq^ly certain design speci- 
fications to assist Aerojet *s design of the more conventional special units. Nearly 
all commercial conponent parts wei^ located and specified for purchase during October. 
Preliminary plant layouts established building requlrenients. 

Following the receipt of fonnal authorization on December 16, 19^7, purchase 

orders were placed for all major coraiiercial units required except the freon refWgeraticxt 

PS 

system for which complete specif icaticais were not yet available. Construct icxi of the 

Aerojet building to house the liquefier also began in December. ITansport of the liquid 
hydrogen pressure vessels to and from the liquefla? building was planned to be done by 
a heavy duty lift truck. 

The Aerojet cycle was a modified fom of the cycle used at the Ohio State 
IMiversity Cryog«xLc Laboratory. Itie flow of hydrogen fran gas to liquid is shown in 
Figure 9. Ihe Aerojet plant utilized the liquid nitrogen precooled Joule-ihomson (Onnes) 
cycle because suitable heat-exchanger cryostat desi^is were available for a plant of this 
size. The use of an established cycle was necessary because of the urgent need for a 
propellant in the test pregrams. Major modifications made in the purification portions 
of the cycle included: 

1) Provision to utilize a coranerclal gaseous hydrogen si 4 >ply, 

2) Continuous catalytic removal of the oxygp:i impurity in the coninerclal 
gaseous hydrogen supply, 

3) Adsorpticxi purification at liquid nitrogen temperatures to remove any 
remaining gaseous nitrogen and oxygen from the hydrogen upstream of the 
hydrogel expansion valve, 

4) Utilization of a cormercial liquid nitrogen supply for the liquefier 
precooler interchanger, and 

5) Use of parallel purification units vi^re necessary to allow continuous 
operation over extended periods. 
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Hydrogen Llquefier Plow Diagram 





Dn May 21, 19^8, a ten-hour c^)eratii-€ west was nade cn the hydrogen iiquefie? 

cryostat asscE4>ly idilch had been conpleted and installed In the liquefaction plant system 

at the Ohio State IMversity Cryogenic Laboratory. Ibe test s®s supervised by 

H. L. Johnston. H. L, Cc^len observed and assisted in the operation of the imit. Itse 

perfonaance of the unit was very satisfactory, especially in its eccaxcy of liquid air 
27 

for precooling. Hie liquefier cryostat assembly' »as subsequently shipped jind Lnstalled 
in the Azusa plant. 

Hie first production of liquid hydrogen occurred on Septarber 3, 19'^8, and 
furnished about 12 liters of liquid hydrogen. Subsequently, a nusber of teproveramts, 
adjustments, and repairs were taade to the system to correct discovered faults. The 
plant was again cperated on September 21, 22, and 23. Cn Septonber 22, approximately 120 
liters were produced of which a r«t of 75 liters (11.75 lbs) was sufp’J.ed to the Jet 
Propulslcxi laboratory of the California Institute of Technology for their rocket test 
prcgram. 

As originally designed, the plant had a production capacity of it. 7 pounds 
(30 liters) per hour and was so operated from September 19^8 to liarch 19^9. Because of 
the increase In propella.nt requiremaits resulting frcra the 3000-lb-thnust chamber tests, 
the plant shown in Figures 10, 11, and 12 was inproved to Increase the capacity to 
aiproxiraateljr ;12 pounds (76 liters) per Lmr, and it was operated on a three-shift basis 



Fig. 10 

AeroJ et ; Liquid- Hydrogen Plant 
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at this capacity mm Mareh to Jure 19^9* Ftxm Se^t&rh&t l$hB to June 1949 t -|ross 
plant production was 7400 pounds {47*000 liters) of liquid ipirogen, with atout 5300 
pounds (33 >700 iltere) tselng produced In the last four 'nwiths of ttiis period at a pro- 
duction cost of about 113.48 per pound. Uie use of caanerolal sources of gaseous 
%drogen and liquid nitK^en Is responsible for this ccussaratively high production cost. 

Two 100-lb-capacity llquidUI-iydrc^Sen storage vessels were designed, ecmtmcted 
and used extensively. 

¥1. mm OF TM miATiME n#ofifrMCE of PfDPELLMiT mcm At© 

SFBllFIC imSLSE m SAULLHE At© VEHICLE PaRK3»mNCE 


The study f the relative infx>rtaiice of prxfjelMnt density ard specific fefjuls 
on the perfonnance of a satellite test vehicle was presetited In a special report in 
tfey 194*"' Because tte contract lto(s}-8496 wts pointed tc»erd the developaent of a 
slngle-sta^ satellite vehicle, the analysis of tte relative irdluenca of stxsclflc 







Fig. 12 

Hydrogen Llquefler Plant Layout 





lB|]ul8e and propellant density on v^cle perfanaanee Involved a v^cle with the 
fblloHljng retjuirenents: 

1) 300-alle-altltute satellite orbit 

2) 1000-lb payload 

3) SiRjle-eti^ vehicle^ 

4) SecKlevel, non-boosted takeoff 

After sone consideration of the eonplexitles of the actual trajectory reqMired 
to leaeh a stable orbits engineers soug^ the vertical altitude which would result ftom 
iflliarting orbital energy to the v^cle. In determining the energy of a satellite 
vehicle in a stable orbit ttie variation of suavity with altitude was taken into accousit. 
Tte energy of a satellite in an orbit at 300-mile altitude was assaaed to be 10.12 z 10^ 
ft-lh/lb (sea-level ft-lb of energy). Vertical trajectory calculations were perfbnaed 
by a Runge-Kutts stepwise imeg^ation of the basic equation of motion, using a perturba- 
tion technique Including the effect of drag. Ihe altitude and kinetic energy were added 
at the end of burning to obtain an equivalent total energy expressed as an energy 
altitude in feet. The results were presented as a series of curves giving this energy 
altitude eis a function of the mass ratio for dlfferait sets of values of the standard 
specific inpulse, v^cle daislty loading, and total initial acceloraticz). 

These calculations served to shew the effect of specific inpulse on v^cle 
performance. The effect of propellant density is concealed by the fact that vehicle 
density loading and mass ratio, both dependent on density, are not expressed as direct 
fUncticxis of density. The gross vehicle wei^it was ctetemlned as the stxa of all the 
v^cle conponents divided into suitable groups, and e^qiressed as fUnctlcxis of the 
pertinmit vehicle and prc^llant properties. It was found possible to evaluate the 
motor, punping plant, piping, valves, and controls by means of available data on existing 
vehicles and by detailed (tesigi studies. 

The structural weight did not l«xl itself to the above-noted method of 'uialysls. 
In order to achieve a mass ratio adequate for satellite performance, it was necessary to 
use unccviventlonal fabrication techniques. The best method had been proposed by the 
Qlem L. Martin Company. Baltimore, Maryland, and North American Aviation Inc., Inglewood, 
Callfamla. It comprised the use of a higHy stressed thin skin in a pressurised 
structure with Integral prc^llant tanks. The pressure placed all the skin material 
under tension sufficient to prevent any compressive loads. The ribs and stringers 
required to carry compression loads in convent Iczial structures could be omitted in this 

PQ 

way, and the skin could be nighly stressed. ^ 


*See R. Cargill Hall, "Earth Satellites, A First Look Ey The IMted States 
Mavy," in this volime - Ed. 
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Die sum of all the vehicle coR(x»ients, nrqpellant and payload wel^s was then 
used as the gross wel^it. the results were pr^;)ared In a series of curves in tdilch mass 
ratio and density loading w»*e shown as functlcms of gross weight for a given set of 
values of propellant density, total takeoff accelomtlon, and specific iiqpulse at 
standard conditions. Almost none of the v^cle ccnixxients were wel|^ depafident on 
specific impulse. The assmptlons and methods used In this woaic had been evaluated 
H. S. Tslen of the Massachusetts Ihstltute of Technology, a consultant for this pro- 
Diese calculations served to show the relation between propellant density and 
mass ratio, and between prqpellant density and wel£d)t loading for a nudber of v^ilcles 
suitable for satellite or extreme longnrange performance. 

Ihe results shown In Figure 13 Indicated that ^peclflo Inpulse Is much more 
important than prqpellant density. Uils result contradicted the findings of many 
reputable groups and Individuals In the field of roctetry at that time, ihe author, 
Robert Gordcm, cautlcxied that the results of the report should not be indiscriminately 
spiled to all rockets under all conditions. &ich a practice would be as indefensible 
as was the practice of applying A-4 (V-2) data and perfonnance to every new application 
no matter how far removed from the A-4. 

Among the repiort's ccxicluslons: 

1) If It were desired to build rockets for extremely long range, i.e., 15,000 
miles to Infinity, It would be necessary to achieve v^cles with hl^ mass 
ratios. In this type vehicle, sp>eclflc Inpulse is of greater Importance 
than is pjrcpellant density. 

2) The minimum size vehicle cap>able of satellite p)erfonnance varied from about 
25,000 to 60,000 pounds gross weight for knovoi liquid propellants. 

3) The best propellants for satellite vehicles based on ninlinum gross welgits 
would be: 

Propellant Minimum Gross Vfelgit, Pounds 

1. 0^ and H2 23,000 

2. and H2 25,000 

3. F2 and U 25,000 

4. O2 and A1 33,000 

5. O2 and H2 38,000 

6. F2 and N2H^ 40,000 

VII. HE PUMPING CJF LIQUID HYIHXIEN 

In 1946 Dietrich Slngelmann, a German rocket-engine designer employed by the 
Air Material Conmand, revealed the unique characteristics of a centrifugal pump 
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Fig. 13 

The Relative Influence of Prcqaellant Density and ^eciflc 
Inpulse on the Size of a Satellite Vehicle 


consisting of a U|9it-Mei^t radial vane rotor with a concentric case that he had 
developsi for the oxidizer puap of the EMd 109-718 Booster Rocket ^igine nanuftactured 
hy the Bayerlsche Hoteren Werke. The rotor of this pwp (Figures i4a and 14 b), consisted 
of a hub with three or more radial thin netal vanes. A partial shroud extending to 
perhefs 1/3 of the radius, mbs used on the back side of the vanes. No forMard side 
shroud was used. The discharge of the puaap was taken throu^ two or more round tangential 
orifices whose dlaneter detemined the discharge characteristics of the punp. 

Ik*. Singelmann described <me puB|> in particular which operated at 25*000 rpm and developed 
82 atmospheres pressure with nitric acid. The Inpeller was 75 wlllineters diameter by 
12 millimeters wide at the t^ and pimped 7 liters or 25 Ibs/aec at an efficiency of 
45 percent. This sane punp developed about 75 atmospheres pressure with water.^ 

Subsequently* the group at Ohio State Vhlverslty Research Fbundatlon No. 264* 
constructed such a punp based on Slngeimam's desists under Oontract U33-038 ac-l4794 
(16243;. The results were discussed during a visit by Aerojet personnel In Novenft)er 
1947 .*^ Due to the extremely low tenperature of liquid hydrogmi, the Ohio State Group 
had found It necessary to iox>vlde some ir^sthjd of insulating punp ikon room tenpera- 
ture. It appeared practical flxxn the test standpoint to use .. lazge vacuun jacket tank 
and submerge the pimp in the particular fluid being handled. Results of punp tests with 
water and liqutvl nitrogen were good* but with liquid hydrogen the pimp cavltated most of the 
time. This was caused by an excessive heat leak into the punp resulting H*cm Inccnplete 
subtaersloYi. The rapid evspc^ticn of the liquid hyih\3gmi in the suhmersicn tank made 
nalntalning an aaequate liquid level extremely difficult. Nevertheless seme of the points 
seemed to fall on the anticipated head flow curve at higher flows 

A subsequoit interview with Singelmann after the Ohio State visit resulted in 

oil 

reconmendatlCHis for pimps useful to the X1R16-AJ-2 engine program.^ During the following 
nmth, it was learned from an interview with N. N. Nyborg of the Naval Air Missile Ttest 
Center, Point Magi* that two pimps fT?an the Efil 109-718 Jato Uhlt (for the MB 262 air- 
plane) could be obtained to provide an early test on the basic characteristics of such a 
design.'''^ Perfonnance tests with water of this 3.3-inch-dlatneter oxidizer pimp revealed 
that the characteristics of this punp vere superior to those of conventlcmal centrifugal 
pimps in the same speed ran^. Of greatest Interest was the constant flow characteristics 
when operated at reduced head.^^ Subsequently perfaraence and cavitatlcxi tests with water 
were conducted with the Aerojet deslgied* AR-2720, a 6-inch diameter* shroudless* radial 
vane, centrifugal pimp with a conical discharge dlffUser.^ 

The inpeller* bearings, and sesds of the AR-2720 pimp were modified far testing 
with liquid hydrogen, and the punp reldentlfled as AR-2797. This punp incorparated an 
inpeller machined fraa a single billet of 17ST aluminum alloy. The beaxdngs used in the 
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Drawing of E%i R®ilal Vam Oxidizer Punf) Assen&iy 





pmp were deep-groove ball bearings having bronze cages. KLcarta clearance seals were 
used In the pui|> for hydrogen testing. Provlsicm was made for pres«n?lzlng the seal 
section with helium In order to minimize hydrogen leakage Vrcm the ln^ieller housing. Ihe 
constructicxi of the puop is shown in Figure 15.^^ Ihe pump was designed to the following 
^>eclflcations: 

N “ 40,000 revolutions per minute 
“ 23,300 feet 

Snax « 87 gallons per minute 

Difficulty was experienced In cooling the pmp to a temperature low exiueli tc 
permit filling the pmp case with liquid hydrogen. Ihis was caused by the aaall size of 
the dlffbser throu^ which the gas generated during cooling had to escape. This trouble 
was eliminated by adding four 1/4-lnch-dlameter holes in the pmp case, and connecting 
these to a bleed valve tdilch was closed after cooling the pump and before starting the 
test run. With this difficulty overcame, liquid hydrogen was pmped successfully. A 
flow rate of 0.68-lb per second and a pressure rise across the punp of 400 psi were 
obtained. Ihe head-vs-capaclty curve Is shown in Figure I 6 . Ihis curve shows the unique 
prc^ierty of this type of pixip: that of operatli^ at a constant c£q)aclty over a wide 
range of pressures, which In this case was ftrom 40 percmit or lower up to 85 perc«it of 
the maxlouB pmp-^iressure rise. This unique property offered advantages when used in a 
rocket engine pmping plant. Ihe flow rates could be controlled by the puips, eliminat- 
ing the need for flow-regulatlr)g valves and resulting in a basically sliqpler and 
limiter engine. 

Fts* the AR- 2797 -type pmp, the head varied approximately as the square of the 
^>eed while the capacity varied directly as the i^ieed. At the design i^>eed of 40,000 
rpm, and tte corresponding peripheral velocity of 1,047 feet per second, the head would 
be in excess of 20,000 feet and the capEuslty would be approximately 86 gallons per 
minute. These results were In approximate agreement with the predicted values. The 
power limitation of the pmp test stand prevented testing at 40,000 zpm, the design speed 
for the ixsnp. The pmp shown In Figure 17 was operated successfully with as little as 
25 psl difference betwemi this suction pressure and the vapor pressure. This Indicated 
that a suctlixi pressure as low as 40 psla could be used In a hl^-altltude test vehicle 
or missile In udilch the liquid hydrogen reached the pump Inlet with a vapor pressure of 
approximately 15 psla. 

The punping of liquid hydrogen was dononstrated successfully for the first time 
with the llghtwel^, high-speed centrifugal pmps, in a series of tests condiuted during 
March 1949.^^ 
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Drawing of Radial Vane Pinp Assembly 




Pig. 16 

Perfannance Curve of Llquld-Hydi?ogen Ptnp (Aerojet) 

VIII. THE EPraCT OP JET OVEREXPANSIW AJ© SEPARATICN W HOCKET 
THRUST CHAMBER PEHFOFHANCE 

Early theoretical analysis had Indicated that a rocket engine designed correctly 
r high altitudes (low aniblait pressures) wculd suffer serious losses In perfornance vhen 
crated at low altitudes (hl^ ambient pressures).**® The results (Figure 18) Indicated 
at althou^ the performance of a sea-level motor was 20 percent less than that of a 
gh-altltude motor, the hl^><iltltude motor would lose 95 percent of Its performance If 
erated at sea level. This assumed complete overexpansion In the hlgh-altltude rocket 
glne. The PTV vehicle would have to use a hlgh-altltude version of the XUU.6-AJ-2 
glnu In coder to obtain high perfotmance. However, this engine usually would be itarted 
sea level and would have to furnish sufficient thrust to lift the vehicle. If .je 
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Aerojet LiquM-^Hydrog^n Fmp 
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losses were as great as calculated* it wxjM be necessary to develop saae timm of 
controllliig tte excessive overexpansicm uMch causes the losses in perfortaance shown 
in Figure 18.^'^ 

A flared tubular thrust chaiaber with a 33 il area ratio nozzle was cmstmcted 
for tests to deterraim the loss in thrust chaBJbei* perfortance caused by overexpamlcm 
in the chffiiser pressure regitft froa 150 to 350 psla. * 1116 .' thrust chamber fppears in 
Fl£«jpe 19. fSKfimty tests were mMe with the chamber. In addition, sixteen runs were 
laade m m identical chasijer except that a sea level (16:1) area rutlo mzzle was aiploy 
Perfonaance of the ov«r*eipaMing-«522le test thrust etesiber and the normal^area-mtlo 
thrust chaifiber at sulxture mtios of A:1 a ' 3 j 1 laider the same qpaating cOTlitlons were 
essenrtilally the saiK, tlxa, tte cteaber imweter e* ma not affected. Bic-refore, the 
nozzle parawter C« i«ts affected am the overexpansiM losses cecured only in the nozzle 
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It appear^ f^Goi these tests that the losses in the overexpandi njUDZzle thrust chsnbe* 
were about 13 percent greater than in a namBl ejqansion-nozzle thrust chamber. 

It was apparent that the problon of minimizing losses would still remain to be 
solved for single-stage, long-range rocket missiles. The conceptual solutions were 
easily formulated, and Involved the injection of gases into the side «mll of the nozzle 
to cause separation at the correct area ratio. However, at thl.> point In the contract. 

It was considered undesirable to continue to divert manpower for this investigation. 

IX. LIQUID HfEROGEH-UQUID OXYGEN THRUST CHAKBSl DEVElXSICKr 

The object of this portion o!' Contract H0a(s)-8496 was to develop a 3000-lb- 
thrust regeneratlvely cooled rocket ttrust chamber tdilch would satisfy the target 
specifications for the rocket engine described in Section V. An over-all engine 
(specific iiqpulse) of 303 seconds was required, with estimates that the turbopmp would 
require six percent of the total propellant flow. Consequently, the thrust chamber would 
have to produce an I^ of 322 seconds. A further requirement, based upon the tankage of 
the missile, c?Hed for the H 2:02 molar ratio for the thrust chamber to be only *i:l.^^ 

The design of a regenanitively cooled 3000-lb liquid h y dro g en-liquid ox^en 
rocket engine demanded that certain new design data be established because all earlier 
work had been conducted with gaseous propellants. This data was to be obtained fron a 
400-lb thrust chsmiba* development prooTam planned in two phases. Phase One would 
determine the effect of motor geometiY and injection configuration upcvi heat-transfer and 
performance. These tests were to be made without the benefit of film cooling by liquid 
hydrogwi. Having detemined a suitable thrust chamber geometry and best injector con- 
figuration, Phase Two was to be initiated to determine the effects of film cooling by 
liquid hydrogen upon performance and heat transfer. The film coolant was to be injected 
down the chamber walls ftm the injector face and/or in the chamber just forward of the 
nozzle. Adequate perfonnance, as noted above, was an 1^^ of at least 322 seconds. Tb 
satisfy perfonnance and wel^ requirements and to permit regenerative cooling with 
liquid oxygen, it was decided that motor testing should be at 500 psia chamber pressure. 

The best injector and chan4»r configuration develc^jed on the 400-lb-thrust 
program would be used as a basis for the design of the 3000-lb cotiaxistlon chanier and 
injector. Development of the 3000-lb-thrust chamber was to continue until target speci- 
fications had been achieved. But time and funds did not permit the conpletlon of the 
systematic program outlined above. Instead, an abbreviated program, described in the 
following paragrsphs, transpired. 

The first test of the 400-pound-thrust unit was conducted on Januairy 21 1949. 
By May 5» 1949, sixteen tests had been corrpleted at 400-lb thrust, using liquid-phase 
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prof)ellant5 and leter-convect ion-cooled » liquid hydrogen/Uquld oxyssn coedbustlon 
chanters with suitable nozzles to produce 40C pounds ncralnal thrust at 300, 400 and 500 
psla chaober pressures, the general construction of these ccnAxistlon chanters and 
ncozles are sbom In Figure 20. the inner doeters and nozzles uere made of copper to 
permit large heat-flux densities to be handled «d.th safety, the above chambers were of 
diffK'ent lengths and two dlffterent dlaaeters; hence L*, length, and dlaneter could all 
be used as parameters. .4 t^ical thrust chanbra* raourtted on the test stsid Is shom In 
Plgure 21. Five Injector configurations were tested with a water-cooled plerua chamber 
of 64 I#, the best perfcaioance was obtained with the nultl-tube concentric-orifice 
Injector (coaxial) designed by G. H. Osborn (Figure 22). 

In this design, the liquid oxygen was injected through the annular orifices and 

the liquid hydrogen through the central tubes. Each pair of orifices suK>lled propellant 

corresponilng to about 8 poimds of tht-ust. Flto cooling was again supplied by 24 0.015- 

Inch-dlaneter orllices, i^ch sprayed liquid hydrc^en down the wall of the coidbustlan 

chamba*. the first run with this Injector was very succ^sfUl. the test lasted for 40 

seconds without damage to the thrust chaiter. this Injector, at 504 Ib/ln chamber 

pressure, gave a specific impulse of 366 seconds and an average heat-fliix density of 
2 2 

6.45 Btu/in In the chanter, and 11.3 Btu/ln in the nozzle. tJie spftearwvx of the jet 
during this run Is show In Figure 23. 

the 3000-lb ccntestioti chanter (Figure 24) was desl^ied and assend>led using 
seme parts fhom another progran. the inner chaiter was machined from a cast-ccpper 
billet. Electrolytic copper was preferred, but could not be obtained In the required 
size, the cast copper that was used for the imer chamber has only appx)xlmately one^ 
third the strength and one-half the thenaal conductivity of electrolytic cqper. the 
Inner and ouca* chamba* before assembly is shovn In Figure 25- this chamber assembly of 
49 L* was designed with a nozzle exit to throat area ratio of only 4:1 because of size 
limitations of the existing parts. The helical coolant passage was designed to accomo- 
date a water flow of ten pounds per second with a 110 psl pressure drep. 

Successful tests with the nulti-tube concentric-orifice Injector at 400-lb 
thnist resulted in the 3000-ib-thrust concentric-orifice Injector desigi (Plgure 26). 
Fbur hundred and eighty-nine concoitric orifices were used in addition to 60 hydrogen- 
fUm-coolant orifices. Each pair of orifices supplied propellant correspxxidlng to about 
six pounds of thrust. The trouble experieroed with the burning on the face of some of 
these injectors led to the conclusion that the fViel should be injected through annular 
orifices. Accordingly, the 3,000-lb injector was desi^ied with the liquid hydrogen 
flowing in the arinulus and the liquid oxygen flowing through the central tubes. Figure 
27 shows this injector after fabrication. Figure 28 shows a water-flow test. 
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Drawing of iJOO-Pound-nTrust Liquid Oxygen/Llquld Hydrogen Thrust Chamber 









View of Itest Bay lowing 400 -l’ound- 0 isra 3 t dhamter Installation 




Muf* 


Drawing of Coaxial Injcc 



Fig* 23 

Ol^ration of ^OO-^Pourd -Ilmist Ilqaid^Oxygen/Liquicl-'liydrogen 
Tni'^ust Chamber Assat'ibly witli Coaxial Iryector 


ThTOe tests were made usiriig the water-cooled plenum chamber of kj L* shown in 
Fiiyjre 26. Specific lirpulses of 3^5, 359» arri 350 seconds were obtained, lliese values 
represent 96*?* and 99*^ percent of theoretical Impulse for the^ operating con- 

ditions for' ■" •i.rh test, Tt\e thi^jst chamber moiint^cd on trie vortical test stand firing 
into a flaitie deflector bM producing 2655-11 thrust, is srmm in Fi^are. 29* On !%rch 2, 
19^9 » a c.DfTiTi,irilcatJorj fim the Bortoau of Aerofiautles ■flrecteKl a change of trie fuel 
component rrm liquid ht/dix>gen to anlt^/di^jua the oxiai::ei% liquid oxygen^ >ns 

to remin the saine, Imwever* testln^^^ on the liquid h^^drogen pix)r/*ain was authorized, to 
continue =jntil tl« test results .rcixDrted above were sehievi^xL ^ Hie end of the progrm 
precludexi furthier tests to acljust the nxte of film coolant addition to balance a 
tolenible unlt-heat-flux density aj^tainst adec|uate performarice. 
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Fig. 25 

30004>ourd-4hrust Chamber With Cast- Copper Inner Chamber 

CaiCUBl(»iS 

%■ Au0ist 19^9, the liquid hydrogen-liquid oxy^n program at Aerojet lad 
demonstrated the feasibility of virtually all the cotrponento in present-day, hi^-energy, 
liquid-rocket engines. Transpiration and film-cooled thrust charribers had successfully 
operated. Ihe first liquid- hydrogen tests of the coaxial injector had been conducted. 

TtiS first pufnp to successfully produce hipji pressures in punping licruid hydrc^en had been 
tested. A 1000-lb-thrust gaseous propellant and a 3000-lb-thrust liquid-prcpellant 
thrust chamba' had operated satisfactorily. And the first tests bad been conducted to 
evaluate the effects of Jet overexpansion and separation on performance of rocket thrust 
chambers with hydrogen-oxygen propellants. The production and handling of liquid l^drogan 
had been demonstrated to be practical and less hazardous than originally believed by 
industry spokesmen when the program started. These pioneering investigations established 
a valuable engineering background, ffowever, the application of this technology had to 
viait for almost a decade before finding use In hi^-siergy upper stages for the space 
progran in tte 1960s. 
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Fig. 27 

Assentoled 3000-Pound Thrust 
Coaxial Injector 
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A SHOE'S amu mro is uhveibe: a ibder^ 


P. ZHiekar (SMitserlanl}^ 


Itan daps after I first tried to launch a nan-aade object into Intendanetary 
^ace tdth a V-2 rodoet Arcat itilte Sands, New Mexico, E. B. Milte in The New Ycrieer of 
HiiB^atrr 27, I9*>6,rq)crted: 

Tht pear ends on a note at pure experiaentation. Cr. FTltz Zwlelgr last we^ 
tried to burl acne aetal slugs out into apace, free of the Earth's gra T i ta- 
tinnal pull. D*. Zwickp stood in New Mexico and tossed from there. He was 
well eqiiiified; he had a rocloet that took the slugs for the first fortp-mile 
leg of the Journey and than discharged them at high velocity to continie on 
their own. The desire to toss sGoethlng in a new way, or to toss it at a 
greater distance, is fhlrly steady aacng men and boys. . 

Author UxLte had guessed cozrectly. As a boy in the Swiss Alps I had thrown 

stones across rivers and snnAalls church steeples as far and as hi^ as I could, 

without having anything particular in ny mind, except to be the best. atteq>t to 

throw stones (artificial noeteors) away fTcn the Barth, however, was to be Just a first 

step in a more purposeful chain of events. Ool. Ri>dcln asked me at White Sands in 

Decenher 19 A 6 Just what ny purpose weis, I reqxxided, "First we throw a small sli% into 

2 

space, th<^ a bigger one, then a shipload of instrments, and finally ourselves." 

The projects I had in mind for extraterre str ial spac^ research date ^sen- 
tially to 19 ^, tdien George Ellery Hale, for whom the entire conplex of the c^serva- 
torles of the California Hmtitute of Technology and the Qamegie Institute of 
Washington Is named, obtained a grant of six million dollars for the constriKstlon of 
the 200-indi telescope and the necessary auxiliaries. At that time, Sincladr Smith, 
John Strang, and nys«.lf, all physicists at the California Institute of Technology, 
shifted our prlncipatl scientific activities from physics to astrophysics and observa- 
tional astmxxqy, fields that eventually included the use of both qptlcal and radio 
telescopes Following Haile's advice to "wake no mean plans," we later extended our 
studies to Include many instruments that could be oarrled adoft by balloons. 


^Presented at the Fifth History of Astroneuutlcs Synposlum, International 
Academy of Astronautics, Brussels, Belglixn, September 1971. 

’’^California Institute of Technology and Hale Observatories. 
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teth-clrellng wtellites ml apace ^tdpa. Including proaratlcna ftar an obaerwtory on 
the Itxxi, poeslbly in 1975 > a proposal supported tgf the lunar mtematlonal Uboratcry 
CkaadLttee (UL) of the International Acactany of Astronautics. 

Vttilcles that could carry Instrusents to 0 reat heights becane ssanaMe as a 
result of the technical develcpaents of Ubrld Uar H. I participated actively in the 
ear effhrt as director of research Itr ths Aerojet Ehgineering Obrporationa as a ■saher 
of the Scientlfle Advisory Bosrd of Uie Amy Air Farces, snd as one of Its tetdsiical 
r qre a e nta tives in 19*15 nnd 19*16 in Genwny and J^ian. Thersafto*, fay a aost i^probahle 
but fortuitous chain of circuastances and events extending over three decades, I 
rsallsed a nwher of di v er gent projects and goals tint I had thought about for a long 
titae. Theae projects ineolved parohLasB in basic a st ronoa y , physics, ehealstry, 
engineering, internstionBl las, and ways to bridge the ever-tddening g^> be tw ee n science, 
technology, and the general public. In this brief nenoir I will only touch upon a few 
of the MAdi points of ny eaqperlences in the fields of a at ronoe y , the developaent of 
propulsive pow e r, isid aan's aarch into space. A nore detailed account of these events 
will appear in one of mr forthcoming books. Operation Lone Wolf. 

Specifically, tdie projects I set for ayself involved: 

1. A noxThological surv^ of all the results, scientific, technical, snd 
huBsn, that ai«Jd; be achieved In eon's MARCH JJao BiBl MHD GOIBl SPACE. 

Outer ^pace here stands for eactraterrestrial qpace. Inner Space refers 
to the depths of the oceans, to the Intericr of the ElBorth, as well aa to 
the Intarlor of all the other n eaber s of tdie Solar Systaa, or, far that 
matter, of any coaalc bodies that might eventually ocne within man's 
reach.* 


I ^nll not go into any details about the emny problems concerning imer 
spaces, except to mention that we surveyed and discussed all of the potential propul- 
sive power plants and propellants, the possible means of traveling throuc^, conani- 
catijig and living in, as well as exploring and exploiting Inner qpece. At the Aerojet 
Qigineering corporation in Azusa, California, we studied hydroturboj ets3 in particular, 
as well as the synthesis of effective hydrofuels, and Isdd the gro u ndwork for the future 
mastery of the depths of tine oceans. In this connection I should mentiot chat ny fomer 
teacher in physics, 1916-1920, Rrefessor Auguste Piccard, at the Federal Institute of 
Itechnology in Zurich, after he had made the first fli{^ into the stratoqdiere in 1931, 
also pioneered the first dives into great depths of the oceans. These efTbrts reached 
their climax In the dive of the bathyscaph *%>leste", piloted by his son Jacgiies Piccard 
to the greatest oceanic depth of over 11 Ion in the ChaUenger Bottom near Quam in the 
lUciflc. 

In the early 1940s I proposed designs for teirajet engines, that Is, propul- 
sive power plants Intoided to move tfarou^ the solid Earth, that still await construc- 
tion and ai^licatlon. These engines will be vital not only for terrestrial uses, but 
in particular for operating underground on the Moon and on other bodies in the Sr .*.r 
System. 
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. Develop effective aeans to reach and occupy all huaanly attainable locatlona 
in Outer Space and in Inner ^eee. 

3- Revised apptxxudies to Astixmony. In the past, aatronony mbs entirely a passive 
science that had to rely solely on observations of the Incoming aessengers 
such as light and corpuscular radiations from the extraterrestrial spaces and 
bodies. But In the 1940a, with the visualization and realistic planning of 
vehicles capable of traveling throu^ extraterr est r i al qpace, three new major 
types of activities promised to become possible In the near future, namely: 

a. The direct exploration of extraterrestrial bodies and space. 

b. Experimental As tron otn y , in the sense that extraterre s tr i al bodies, or at 
least selected parts of than, would be directly Investigated to test 
hypotheses. 

c. Reconstruction of the universe, or at least a very small part of it^ 

a 

that is, fbr the tlse being the Solar System. 

•Diese gpals I had clearly In mind as non-military post-war projects at the 
time I was wxidng at the Aerojet Biglneerlng Corporation on the Invention and construc- 
tion of various types of propulsive power plants and the many auxiliary devices and 
weapons that would help bring dow the faclst regimes led by Hitler, ttosollni, and 
the Japanese war lords. 


EXFERDCNIML ASlSIGNClff 

I have long been concerned with subjecting cosmic bodies to direct tests, 
similar to experiments on terrestrial matter In the laboratory. Concerning iqy first 
modest efforts In this direction, J. C. Pecker, Director of the Nice Observatory^ 
observed: **lhe first realistic proposal of experiments of this type was no doubt that 
of P. Zwlcky. Zwlcky proposed to produce artificial meteor showers. His first attempts 
In 1946 were unsuccessful — but later experiments succeeded In 195^ — and since then other 
authors have continued analagpus work." 

The goals In this field that I had in mind at the end of World War n were: 

1. Launching fast particles (artificial meteors) at all heights In the atmos- 
phere for the purpose of exploring Its physico-chemical conditions, for 
Instance, winds, shock waves, eddies, desltles, electric and magnetic fields 
as well as local chemical ccmposltlcai. Lata on all of these characteristics 

could be obtained through observations of the tracks and polnt-for-polnt 

•» 

^sectra of the artificial meteors. 

2. launching artificial meteors fron great heights with velocities greater than 
11.2 km/sec into interplanetary space, free of the gravitational pull of the 
Earth. 
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3* Boaterdlng the Moon on the dark side of the tonlmtor with ultrafhst particles 

containing reducing metals such as Al» In order to determine the pre senc e of 

water of crystallization In de q)er lying rocks on the Moon*s surface. Bound 

1^0 In the crystals, analogous to that Ibund In granlt, could be extracted 

by the life-^sustalnlng solar fUmace that I designed end tested at Aerojet In 

the 1940s. ^ If no such wat^ of crystallisation Is found at any reasorahle 

depth, the protons of the solar wind entrapped In the surface grains «dU have 

to be used for the production of water, propellffiits for hybrid propulsive power 

6 T 

plants, and foodstuffs on the Moon. * ' 

CUrloixsly enough. In the 1940s little or no enthuslaam could be engendered 
a nywhere fbr these simple projects, and practically no funds could be mustered for their 
realization. During alaxmt two decades. Nr. J. Cksieo, the fbneer patent attorney at 
Aerojet, mil nyself, canried on with our am means, working In our free tlse whene v er 
we could. Some noteworthy results nevertheless were achieved, since fortuitously, the 
IB Amy CktkBnce, as well as the IB Navy and Air Rrce, mate various of their facilities 
available to u9->-fQr khlch sincere tbardcs are due them. Some of the developnents have 
already been desadbed. Additional developeents are briefly being touched upon below. 

PHASE I 

As the most convenient means to produce fast particles. In 1945 we decided to 
use shaped charges of cast and putty explosives, as well as JET-X (that is, liquid 
nitrcmethane doped with dlethylamine which we developed at Aerojet and which, because 
of its wifoimity, gave the finest ejected particle Jets, as shown in one of ny pre- 
vious UL Ssnoposlua articles)^ As inserts we generally used copper or iron cones with 
an apex angle of sixty degrees. MLth these, particle velocities of nearly 10 km/aec 

9 a 

were obtained ’ as measured by rotating cameras or rotating hexagonal minors plus 
stationary cameras. With very great difficulty later on we produced conical Inserts of 
tltanluB because of its reetdy oxydlzablllty. These ejected pertlcl«i of H, "burning" 

In the air, produced very lunlnous tracks, even in tenuous parts of the atmosphere, 
where poorly oxydlzable particles like iron and cc^iper could not be seen, since ft*ictlon 
beating did not suffice to make them sufficiently lunlnous. The problon, h owe v er, arose 
over how to produce self-lualnous particles that could be seen even when ejected Into a 
vacuun. TMs problem I solved throu^ the Invention of coruscatives or heat explosives .^ 

Coruscatives are solids that detonate or explode on appUcaticsi of sufficiently 
strong shearing stresses for Instance, but In ccxitradlstlnctlon to coonon ejq;>l 08 lves, the 
reaction products at Standard Pressure and !Panperature (SFT) are solids. Virtually no 
gas is generated, or only small anxiunts of gases are generated. This of course was an 
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Sa^entlv^ condition ftr our purposes* (Chemise m Mould fasve ejected a dli^)ersed SMsm 
of particles and gss clouds Instead of (Attaining uell defined particle tracks. I should 
note tint oost (A* the (disBilsts with idiom I discussed the natter scoffed at the posslbili^ 
of ooruaeatives. 

Xh order to have all of the reeustlng coaponents dlstarlbuted in molecular dis- 
Persian* it would be Ideed to use single crystals of coruscatlves. Sutdi crystals exist* 
but (Xifbrtunately* upon transfosmatlon they do not release enough enersor to heat the 
reaction products to sufficient Incandescence for oar purposes. We therefore started 
experimenting mth highly compressed fine powders of powerful reagents. The first 
obvious mixture to try was thenslt* the welding Bdxture Be^O^ * 2A1 which* on reaction* 
gives Iron and alimdnuB oxide at a toqperature of about bOOO*C. But we never succeeded 
In making cosfiressed slugs of thennit explode on application of high ^lear strrases. 
Several other compressed powders* however* acted as desired, 'finally* we used mostly 
fine powders of tltanlm and carbon whleh* as a compressed eonlead Insert In a sh^ied 
(Amrge* cmi be (xiU^sed fast enough to react itself eq;>l 06 lvely* resulting in the ejec- 
tion of Tie droplets at almost 6000*C and ^leeds of ig> to 15 lao/sec. A telling pfaoto- 
geph has already been published.^ Generally* the speeA of the ejected particles can 
be increased by choosing smaller ap&t angles for the <»nl(»l Inserts. At the same 
time* h o weve r* the mass of the extruded perti<de3 dwindles dUsastret^ly* so that they 
become (jgulckly unobservable. 

Tb {hotograph the fast luminous particles of artificial meteors we used various 
types of wide angle cameras. The most powerful one consisted of an 8-lnch F/1 trans- 
portable Schmidt teles(»pe* which Itissel Porter and I* with Ihe help of instruaait makers 
and opticians at ttie California Institute of Technology* built in 1939* To cAxserve the 
tracks ^lectroscc^lcally* single o* mosaic objective tran^aroit gratings were mounted 

■j 

over the fill apertures of the cameras and telescopes used.-* 

Tb test the various shaped charges and the efficiency of our cameras* tele- 
scopre and (AJe<A;lve gratings* over a perlcxl of fifteen years J. Qmeo and I undertook 
many field and launched the artificial meteors trm the ground In the Chino Hills 
In Soutdiem California* at lAilte Sands (IM}* Edwards Air Fbrce Base (Cai)* the Navy 
test station at Inyokem (Cal)* and In the liilte Nountadns of California at elevations 
above sea level f?om 500 m to 3500 m. FUrthemore* with the help of the Office of Naval 
Heseerch in Pasadena, we undertook several small expeditions* flying over to St. Ni(Aiolas 
Island on the California coast to launch our artificial meteors there frora hlg>>nylng 
balloons. A long series of valuable results were obtadned fxxn all of these experiments* 
which are In part described in my bo<Ac Morphology of Propulsive Power -^ as well as In 
reports by the chief scientist in the Office of Naval Research In Pasadena. 
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PHASE 2 


At the end of World War II the US Air Force asked me to go to Gennany as their 
technical representative to learn about various phases of military research acccnpUshed 

Q 

In Gennany. K/ findings were subsequently published In book fonn. At the same time I 
and ny teamnates under the leadership of Cbl. John A. O'Mara had arranged for much of 
the Gennan equipment to be sent back to the IMted States. Of especial interest to me 
and a few other scientists were a number of V-2 rockets that were brou^t to the White 
Sands Proving Grounds to be fired there with various types of sclaitlfic devices on 
board. Fbr n^r purpose of launching az*tlflclal meteors. It was of course Isixrrtant that 
the firing occur at night. Through the good offices of my friend Iheodor vt»i Karman, 
General Barnes of Anny Ordnance arranged for a firing of a V-2 rocket on the nl{^ of 
Decanber 17, 1946. 

Nine shapjed charges were to be flr«d in groups of tlree at 36, 48, and 60 
klloroeters ailtltude above sea level. The flight of the V-2 rocket to a hel^it of 190 
kilometers was a beautiful one. Unfortunately, for reasons not discussed here, nt»ie of 
the shaped charges fired. Our disappointment was eiomious. Indeed, the failure of our 
experiment turned out to be a disaster, because furrther launchings of this sort were 
subsequently blocked for a full eleven years. Some so-called erqierts on (natural) 
meteors, among than Professor P. L. Whipple of Hairvard, reported to the cognizant 
agencies of the US govemnent that the experiment tdiich I had prxposed could not possibly 
succeed and should not be sipported. These agencies not only followed his advice, but 
officials actually tailked about charging me with wasting the tax-payers* money. Poirtu- 
nately, good friends of ours were Informed that I and my collaborators had all p>ald our 
own way and had not received any funds from anybody, so we wei?e spared the necessity of 
having to fhce a Judge. 

As mentioned, during the following eleven lean years, Mr. Cuneo and I ccxitlnued 
to develcp even more powerful shaped charges and better Inserts to be ejected from them. 

Vfe also tried to get funds for launching these larger artificial meteors into Inter- 
planetary space from sources other than any of the US govervinental or military agencies. 
Because of their historical Interest I will mention two of these attenpts. 

First I had the idea that, for the sake of keeping records about the beginning 
of experlraenteil astronomy and man's march into space. It would be of Interest to secure 
moving pictures of all of the Important steps that were to be undertaken. By giving the 
movie industry the rl^t to disseminate the film, that industry might finance our pro- 
jects. I therefore approached one of the well known Hollywood authors and script writers, 
ray old friend Mr. Michael Blankfort. He went at it enthusiastically, but unfortunately 
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without success, as he relates in the following note which he kindly wrote last year for 
ay use In the presoit airtlcle: 

A Note on a Proposal to Finance a Moon Project 


Sonetline In the early Fifties (1953-1955), Professor Rrltz Zwlcky visited 
ny home and during the course of the evmiing mentioned the problem of financing 
a project of propelling pellets to the moon via rockets. 'There was to be a 
nud)er of special cameras placed strategically around the world to record the 
launching landing of the pellets. It was estimated that $100,000 would be 
sufficient to carry the ejqDerlment through. 1 volunteered to speak to 
Mr. Darryl P. Zanuck, at that time chief of production of 20th Oentury-Pox 
Filins. I would offer his conpany the world film rl^its to the moon project 
fca? that sun. I saw Mr. Zanuck the next day and explained vhat was pressed 
and what was being done. He seemed not only Interested but enthusiastic, 
and premised to teke the matter up at the next meeting of the Board of Directors 
of his cempeny. I mmitioned that there was an urgency aibout the passing of time, 
and he replied that he would not vait but tel^hoie. I saw him about forty- 
eicdit hours later. He reported t'lat New York had rejected the pzx^x>sal as 
outside their conmon run of business. His dlsappolnhnent was almost as great 
as mine, but neither compared to Dr. Zwlcky's. 

Michael Blankfort 
i^rll 13, 1971 


Next, my old ft*lend Sydney Chapman stuped In. He had been In my audloice at 

the IMversity of Ooeford In the sparing of 1948 I gave my Halley Lecture on Morpho- 
4 9 

Ic^cal Astreaxmy. * He had been Impressed with the power of the Morphological Approach, 
and considered organizing all of the projects of the International Gec^hyslcal Year (IGY) 
using this method and, as a special case, include experlmmits with artificial meteors. 

As a preliminary he told me that during a stay in Australia he would try to arrange for 
me to launch my meteors to the moon with rockets from the rocket base at Woomera. He 
was successful in interesting the cognizant agencies In Australia in my project. As I 
made preparatlcxis to go to Australia, a curious thing happened. Cn a beautiful Sunday 
afternoon In Pasadena I was called by the Londcxi Times . The reporter said that the 
Prime Minister of Australia, Mr. Menzies, had called Winstai Churchill, Inquiring what 
this crazy project of shooting the Moon from Australia was all about. Mr. Churchill, 
being quite as unlnfonned as Mr. Menzies, called the experts of the London Times , who 
adso knew of nothing and who called me. It tunied out that neither Sydney Chapman nor 
the Australian rocket men had ever thought it necessary to talk to the Prime Minister 
abcxit my simple project. But that is vHnere they had made their fatal mistake. Mr. 

Menzies became Incensed, claimed that my project would give rise to world-wide reper- 
cussions, and he ordered the flight cancelled. 
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rm FIRST JHOT INTO TOE UNIVERSE 


I still had many far-sighted friends in the US Air Fbrce. I had come to know 
these men after my tour in Gemany as their technical representative, and after serving 
for many years on the Air Force Scientific Advisory Board under Generals Arnold, Spaatz, 
and VandoTberg. In particular. Dr. Kriox Mllsaps, Chief Scientist at the ALamogcado Air 
Force Base, and Dr. Maurice Dubln promised to watch for any space available in one of the 
research sounding rockets that mi^t allow us to install our shaped charges. In August 
1957 these two gentlemen infonned me that an Aerobee rocket would be fired in October, and 
that about one cidt>ic foot of space would be available for us in the instrument head. 

Mr. Cuneo and I therefore feverishly wait to work on our shaped charges and the construc- 
tion of timers that could be set to ignite the charges at the proper moment of the rocket 
flight. 

All of our devices were ground tested at Alamogordo on the night of October 15, 
1957. Next day some trouble aj?ose, because another grotp of sciaitists had cosmic ray 
recoiders Installed in the rocket. They feared that our ejq>loding charges would destroy 
their instruments. How we resolved this very difficult problem has been described else- 
^^re.^^ In any case, the charges were Ignited properly as we had planned at a hei^t 
of 85 kilometers, exactly 91 seconds after the r^:jket had left the ground. 

One very luminous pellet consisting mostly of TiC and some Al^O^ was ejected 
with a velocity of 15 km/sec, considerably in the excess of the escape velocity of the 
Earth. This pellet became the first man-made object to be shot into interplanetary space, 
and thus the first tiny artificial satellite of the Sun. Its lianinous trajectory on the 
way out was photogr^hed by mary cameras, including the Palonar ^48-inch Schmidt telescope 
located over 1000 kilometers to the West. Ihe velocity of the pellet was determined by 
the Superschmidt telescope on Sacramento Peak in New Mexico, by means of interrupting the 
photographed trajectory with a propeller shutter. 

PHASE 3 

Unfortunately, both the scientific comnunity and the world at large did not hear 
about our success until a few months later, because the Air Force would not release any 
data until they had made sure of all of the facts. Purthennore, everybody was excited 
because the Soviets already had successfully launched Sputnik 1 twelve days before. 

During the subsequent mash, v^en the Ifriited States tried to catch up with the Soviets, 
artificial meteor projects were forgotten and all of my plans to shoot chemically reducing 
projectiles into the Moon came to nau^t. Thus, to this very day we have no answer yet to 
the vital question of whether or not deeper lying moon rocks mi^t contain water of 


332 



crystallization that would make possible the installatioi of siirple life-sustaining 
devices (solar furnaces, plus magietohydrodynamic generators, plus electrolytic cells for 
the production of various elements), such as I had proposed and partly constructed twenty 
years ago. * * * 


RECmSTRUCTION CF TOE PLANETARY SYSIEM 

With the launch of Sputnik 1, some modest phases of the plan,^ that I had first 
outlined in ny Halley Lectore^ at Oxford in 19^8, agppeared within practical grasp. To 
prevent the various governments and their respective agencies fY*om blundering into outer 
space and bungling things, as has been done throughout history with all large-scale new 
developments on Earth, some far-r.ghted mai (and in particular the lawyers, physicians, 
pure scientists and aigineers of the International Acadeny of Astronautics [lAA]) empha- 
sized the necessity of intematicml agreements to precede any practical ccxistructive or 
destructive actions on extraterrcstrial bodies and in outer sp)ace. These efforts led to 
the fomilaticn of a preliminary Treaty for Outer Space which was signed by some ei^ty 
nations In 1968. 

Many details still r«nain to be clarified and the manbers of the lAA and of the 
International Institute of Space Law are hard at work to analyse and formilate them. Once 
the basic aspects of the March Into Outer Space have been Isolated, analysed, and evalua- 
ted, some international organizaticn such as the UN will have to decide which of the 
following three generic typ'r. of enterr>r1ses should be allowed and undertaken: 

1. Scientific exploration and constiniction of research stations in space and on 
the various bodies of the solar s^’stem. 

2. Exploitation of some of the extraterrestrial resources for use in pure and 
applied science, basic technolc^ and medicine. 

3. Exploraticxi on a moderate, or large, scale for comnercial and technical uses, 

including the establishment of general human settlements on the various bodies 

4 

of a suitably reconstructed planetary system. 


Zwicky^s plan called for modifying the physical ccrditions of some of the pre- 
sently unlnhabitabltable bodies in the solar system; e.g.. First, constructing subsurface 
installations on the Wxn and the planetoids; second, making them habitable by changing 
surface conditions of the Moon to provide a breathable atmosphere of molecules heavy 
enough not to escape; third, reconstructing various large bodies of the solar system by 
moving them to other locations — Ed. 
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SOME mXST AUXniARY RESEARCHES 
FOR THCEE WHO FOLLOW 


For the past several decades funds for research have be«i rather overabundant, 
not alveys to the benefit of fundamental research. Hiese funds have now became scarce, 
and It is useful to retnltd the young scloitist in particular that very ijnportant research 
still can be clone sinpl^ and cheaply. Hy way of illustration, here are a few prcposals 
and Investigations that, in part, existed even befcare the later rapid develcpnaits in 
space research. 

First, I would mentlcsi a class of extraterrestrial bodies with «Ail<di we can 
actually experlmait bec^iuse they come to us; meteors and meteorites. Althou^ a consideiv 
able number of spectra of meteors have been cjbsorved, far more could be done throu^ the 
systematic use of powerful Schmidt telesccjpes equipped with prisms and full size cibjectlve 
transmission gratings, some of vdiich have now been successfully built to sizes of 45 cm x 
45 cm, either as mosaics c»* ruled full size by myself, R. W. Wood, and John StrcMig and 
associates.^* ^* ^ 

More Important, perhaps, many metecjrs actually come crashing down to the Earth’s 
surface to lodge with us as meteorites. Since th^r have be«i traveling in interplanetary 
space for many millions, and probably evai billions of years, they have been subjected to 
all sorts of extraterrestrlELL interactions and events. Therefore, in some respects, they 
may be considered as substitutes for artificial test bodies which we mi^t otherwise 
launch intentionally into outer space. During their travel they have been exposed to 
cosmic rays, to the solar wind and electromagnetic radlaticxis covering the vhole wave 
length range from radio waves to Gaima rays, leaving the meteorites with the following 
tell-tale sl^ to be searched for: 

a. Excitation of long duraticxi pseudostable states that are analogous in character 
to the latent photographic Images caused by sufflcl«\tly aiergetlc quanta of 
light in hetercpolar crystals, for Instance. The energy thus stored in the 
solid meteorites can be detennined by baking them out, as was dcxie extensively 
by F. G. Houtermans and his collaborators at the IM.arsity of Berne. 

b. Protons from the solar wind will be Imbedded to a depth of a few hundred Angs- 
toms in the meteors, as ttiey have beer, found in lunar rocks recently. Whether 
or not these p 3 ?ot<xi layers in meteors survive the dive throu^i the atmosphere 
and have ever been found in meteorites is not known to me. 

c. Heavy nucleons of the cosmic rays leave peimanent tracks in certain crystals and 
should therefore eilso be found in meteorites. 

d. Finally, we know that fast solid particles ejected from solid Inserts Ln shaped 

■3 

charges at velocities of up to 15 km/sec can penetrate solid blocks, of steel 
for instance, to depths of caie meter. There is a good chance that during their 



long travel large meteors will have been tilt by small ones traveling at velocles even 
hl^ier than 15 km/sec and should therefore occasionally exhibit stral^t long thin chan- 
nel holes. Searching tlirough various museums, I think that I may have spotted such lioles, 
but the respective museum directors were reluctant to let me cut up tlielr beautiful large 
specimens in order to test ny expectation. Continuation of this type of Inquiiy might, 
however, some day be rewarding.^ 

e. Finally, the faint suspicion remains that the missing planet betweoi Mars and 

Jupiter may have been blown apart by a nuclear fusion reaction. Initiated for 

Instance throu^ the Ispact on It by a very fast body of "local origin," such 

as a nuclear goblin ' Jected from the sun or some interstellar ultrafast mis- 
13 

slle. We shall be able to draw more definite concluslois once we have inves- 
tigated whether or not some craters on the Mocm have been caused by Impacts 
capable of IgTltlng nuclear fusion reactions -jid by actual e^qjerlmmts of our 
own with ultrafast particles. 

Second, the results of some e^qjerlmentation with extraterrestrial bodies can be 
observed from the Earth, Inasmuch as nature Itself provides the means. For Instance, the 
&in "experiments" with the Moon by lllumiratlng it In various phases. Ihe resulting 
successive heating and cooling of various parts of the Moon’s surface could thus be 
bbseived and Its heat conductive properties be derived. Sunll^t falling on the Earth is 
partly scattered and can be observed lllmilnatlng the dart part of the Moon mAilch faces 
us. Proper measurement would allow us thus to detennlne the Albedo of both the Moon and 
the Earth, the latter varying because of different cloud cover. 

TMrd, direct measuranents of the Albedo of the Moon were made in the 1940s by 
sending radar signals to It a observing the echoes, while recently the same was accom- 
plished with Laser jeams. Ihese various attempts actually r^resent modest exanples of 
passive experimental astronomy. 


APPE2©IX 

FRITZ ZWICKY, A SEIECT BIBLIOGRAPHY 


Morphology of Propulsive Power . Monograph No. 1 of the Society for Morphological Research, 
Pasadena, Calif. 19^2 

(can be obtained only from the Bookstore of the California Institute of Technology, 
Pasadena, Cedlf. 91109). 


^I have also long considered the problan, during a ccsicentrated meteor shower, 
of Intercepting some of the fast Incoming missiles by placing convenient targets In the 
stratosphere or icaiosphere In order to test the meteors penetrating power. Since this 
will, however, soon be done more conveniently on the Moon, I have abandoned wracking ny 
brains further or the matter. 
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AMBIICA'S FIRST L0N3-RANG&NZSSIIE iWD SPACE 
10FIX»ATICM PROGRAM: TIC (XCCIT PROJECT OP 
THE JET PRCmSIQN LABCCATOnr, 1943>19^: A »BDIR^ 

PTMik J. Mallna (USA)"*^ 

I. nmmmoN 

The years covered by this memoir, contrasted to those discussed In njy llrst two 
1 2 

memoirs, * were extremely hectic. It is very dlfflwUlt for me evoi now to draw anything 
like a clear and ccAierent picture of them. Nevertheless, by drawing attention to unpiA>- 
lished material available in the archives of the Jet Prqpulslon Laboratory, I hope idiat I 
have to say will be of use to historians of astronautics. 

Betwemi 19^3 and 19^7 I became increasingly Involved as an adninlstratar of 

2 

research. The Air Corps Jet Propulslcn Research Project, GALCIT, which nuibered around 
83 persons in 19^3> grew to around 400 by 1946, and the amount of money to wosry about 
Increased n?om hundreds of thousands tc mUllons of dollars annually. Although directly 
acquainted with all that was taking place on the Project up to 1944, both as regards ideas 
and their execution, by 1946 I was aware of more and more research activities ^t in less 
and less detail, and little of ny time was fhee for carrying out research of ny own— a 
situation unpleaslng to one of ny tecijeramait. 

Thtcdore von lSaimn*s comectlon with tte California Institute of Ttechnology 
(Caltech) became increasingly* tenuous in 1942, and in 1944 he became absorbed witii acti- 
vities in Washington, D.C. tdiere he toc^ ig> residence. Consequently, in 1944 I took 
over contract negotlatlcHi from both technical and management points of view, tasks that 
required frequent trips to Wrl^t Field at Dayton, Ohio, to Washington, D.C., and tc other 
places. Life became a "betwemi ^rlps" kind of existence. 


^Presented at the Fifth History of Astronautics Synposium of the International 
Academy of Astronautics, Brussels, Belgium, September 1971. 

^Co-Pounder and Director (1944-1946) of the Jet Propulsion Laboratory, California 
Institute of Technology. Tiustee-Past President, Intematloial Academy of Astronautics. 



By 19^4 it Mas fairly evident that World War II would end in the defeat of the 
forces of fascism in Germany* Italy and Japan. But Nhat then? In 19^5 the harnessing of 
atonic energy for destructive purposes was demonstrated at Alamogordo* New Mexico, and 
then at Hiroshljna and Nagasaki* Japan. As I was drawn into the councils of those with 
military responsibilities, I participated more and more in discussions of what should be 
done in the next war with long-range rocket missiles. Obviously* if atom bombs could be 
made light enough* they could be used as missile wart»ads. Such deliberations becane more 
and more distasteful to me as the months went by. I had long beoi convinced that war 
between or by states with advanced technology was a form of national insanity* evmi before 
a way to release nuclear energy had been found. It seemed to me that ideas and effort 
were i^ally needed now to find ways for "sovereign" states to function in peace together* 
rather than to develop better means of destroying themselves. 

By 1946 I was mentally and physically exhausted. Gener U '1* jertfxiwer is said to 
have remarked idien the war ended that all he wanted to do was to go ficiiing; I felt the 
sane way* exc^t that I do not care very mudi for fishing. I had conpleted 10 years of 
rocket research, and dealt with problems on the fringes of basic and engineering science 
knowledge, devices requiring the use of e3q>loslves and toxic chemicals* the safety of our 
staff and of aircraft test pilots, frustrations resulting fron dealing with administrators 
had no grasp of the nature of researt*, travel by train and by air to meetings that 
frequently were not really necessary, etc. Ihus, at the age of 34, I detemlned to make a 
serious appraisal of iqyself and of ny hopes for the future. 

VIhen we had begun rocket research at Caltech In 1936, most of our orlgiral group 
of six was dedicated to the peaceful uses of rocket propulsion.^ Ihe design of a sounding 
rocket had been oui‘ first goal. Dxxi^ I never lost sl^t of our first goal, world devel- 
opments by 1938 dictated our participation in the military application of rocket prq^- 
slon. Vftien the WAC Corporal became the first successful sounding rocket to exceed helots 
attainable by any other means In 1945* I felt a soise of personaQ. fUlflUment. I under- 
stood that this was Iwt the first {SXJbe Into extraterrestrial space, and that voyages to 
the Moon and planets would follow, but I also knew tiiat there wm?e now many others 
would carry on the work necessary to reach these more distant goals. In 1936, the nixiiber 
of engineers In the world seriously interested In astrcxiautics was probably less than 50; 
by 1946 the.e were several hundreds. 

VIhat troubled me most about leaving JPL was the separation ffxxn the member of 
«;he staff, many of whan were my closest friends and with >hoin I had shared many good and 
many trying times. I have never again worked with a groip that was as cooperative and 
enthusiastic. But the new goal that I had set for myself was int 'r-'jiticaial cooperatlcxi. 
Although I left Caltech with a two-year leave of absence, vrttLc! . . -jnewed In 1949* I 

then allowed it to l^se and, in one way or another, devoted to intematlOTial coop- 

eration during the past 25 years. Ihe night before I departed from Itexas for Unesco In 
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Baris» one last effort was made to dissuade me Aram leaving the Jet Propulsion Laboratory 
(JPL). A general officer of the Ordnance D^wrtment telephoned me Aram Washington* O.C.* 
and urged me to reconsider my decision. When I asked von Kaiman for his advice he had 
told me that If he were younger, he would follow a path similar to the one I had chosen; 

It was unlikely that anyone else would get me to change ny mind. 

I made a tour of the East Coast to discuss Ikiesco with many persons before going 
to Paris. Albert Einstein thought that major points of the Ikiesco program wmra definitely 
worthwhile. He said we oust have courage to fight for real issues and not allow Unesco to 
become Impotent, like the Ccnmlsslon for International Intellectual Cooperation of the 
League of Nations. Vannevar Bush said that scientists must work together to stop wars for 
gpod. He did not know very much about Unesco but supported It. lyndon B. Johnson, t^ien 
the Congressman Aram the district of ny heme In !Bexas, said he was not acquainted with 
Uhesco Intentions and that the United Nations was Just a "baby." 

Upon ny arrival In Paris, Joseph Needham, Head of the Natural Science Section of 
Uhesco, assigned me the task of studying ways to break down the banders to tde Arae move- 
mmit of scientists and engineers betwe«i nations. It certainly was not true that I became 
a menber of the Ikiesco secretariat as a rocket expert, as was stated In an article ho&tile 
to the organization in the Saturday Evmdng Post entitled "Julian Huxley's Zoo." Ikiesco 
did not come within a smell of rockets before the International Geo|*yslcal Year (ICjY) in 
1957. 

While at Uhesco, outside ny official duties, I wrote a popular article entitled 
"Unanned Rockets towards Space” In 1950, upon the Invitation of Kenneth W. Qatland, who 
served as the editor of a collection of articles for a bode called Rockets into Space . 

But that vwiture was glwai up by the publisher in 195**. In 1950, I also wrote "A Short 
Hlstary of Rocket Propulsion up to 19**5" for the Princeton University series of volunes 
on Jet Propulsion and Hi^ ^peed Aerodynamics of which, at that time, ny long-time 
colleague, Martin Smnierfield was editor. Ihat article was finally published in the 
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volume Jet Propulsion Ehgines in 1959. 

I did not resume work in astronautics until after the launching of the Sputolk 
by the Soviet Union in 1957, an event that made more evident than ever the need for Inter- 
national cooperation in this field. Andrew G. Hal^, one of the founders with us of the 

2 

Aerojet-General Corporation and then Presi<tent of the International Astronautical Federa- 
tion, and von Kdhndh, who had become active in Federation affairs, told me that It was all 
very well to work quietly as an artist In a Paris studio (which I had been doing since 
1953 sifter leaving Ikiesjo) but that ny ejqaerlence in astronautics was wasted. They urged 
me to participate in the work of the Federation.^ After much discussion with ny wife, I 
decided to accept ^pointment as a representative of the Federation to Ihiesco. Ey 1959, 

I was again devoting most of ny time to astronautics in the Federation, especially in con- 
nection with the establlslment and directlwi of the International Aoadeny of Astronautics. 
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But to return to the subject of this memoir . . . 


II. THE SITUATIOH ... 1943 

The Air Corps Project at the beginning of 194$ tias consolidating the success- 
ful! development of solid- and storable-UqiiidHpropellant engines for aircraft sapep- 
perfatnance supplications wltii research directed to liqprovlng the propellants, raising 
engine perfca'mance, and Increasing their thrust and duration. Cooperation on matters of 

development and productlcti was maintained with the Aorajet Qigineerlng Corporation for 

2 

those programs sponsored by the Air Corps and the Navy. The Project had placed solid-and 
starable-liquld-propellant rocket engine design on a sound scientific foundation. Prac- 
tical Infonnatiori had beoi provided engineers, permitting the design of uncooled motors to 
meet specifications for thrusts of up to around two tons for durations of up to about 75 
seconds. By the end of World War II, Information on the design of cooled liquid-propel- 
lant engines and of pumps was well advanced. 

AlboTt A. Cairlstman, In his history of the Naval Weapons Center entitled 
Sailors, Scientists and Rockets, observed: **A suggestion by a Navy captain that It tnuld 
be desirable to have a cooperative effort between Goddard and Mallna brou^it out Goddard’s 
view that the woiic in Pasadena was about t,he stage in 1940 that his work had been in 1925- 
He referred to the Caltech program as tho Student Work.’" Goddard evldeitly did not 
subscribe to von Kaiman’s maxim: "It is always wise to remember that someone else might be 
Just as clever as caneself." Goddard's opinion of our efforts does not surprise me,^ but 
he must have been surprised when, within two years after his remarks we had successfully 
develc^)ed and put Into piraduction for the Air Forces and the Navy seinrt.ce-type solid-and 
storable-liquid-propellant engines. These became, respectively, the progoiitors of the 
engines in, for example, the Sergeant, Polaris, and Minuteman missiles, and the Tltal mis- 
sile and the J4>ollo Command Module and Apollo Lunar Excuralcxi Module. 

This raises an interesting question concerning developments in Britain, USA and 
USSR after the end of the war, a question that should be probed by historians of rocketry 
and astronautics. I believe a good case can be made to show that military obsession in 
these countries for continuing certain developments of German rocket technology caused a 
vast waste of funds. The obsesslcm gave priority to rocket engines using liquid oxygen 
(LOX), as in the case of the V-2. In the U.S.A. , though the development of engines using 
a conposite solid-propellant and a storable-liquld-propellant ccjmbination was not dropped, 
it cei’tainly was assigned a lower pid.ority. But today, not a single An.eric:an military 
operatic»)al missile uses a LOX engine. Instead they are propelled by descendants of solid- 
and liquid-propellant engines developed at JPL before the end of World War II. 

The investanent in LOX engines turned out to be an overall technological gain, 
for they were indeed needed for extraterrestrial space activities, but they were not then 
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and are not now of primary interest to the military services. What is more, solid and 
storable liquid prqpellants also have an important role to play in the propulsion of 
spacecraft at this phase of the "space age." Nonetheless, popular opinion, evKi the 
opinion of sane who should know better, has held that rocket devel<^3ments in the U.S.A. 
lagged far behind that of Nazi Germany. Hiat belief is patwitly false, but myths die 
hard. 

III. ORIGINS (F THE ORDCIT PROJECT 

At the Air Corps Project in 19^3 we contlmied to follow the directives of 1939 

2 

that limited us to rocket er^nes for use with aircraft. In the Sumner of 19^3 this 
situation changed radically. In early von Kaivon received a request ftxxn the Con- 

mandlng General of the AAP Materiel Center, Wri^t Field. He was asked to study and com- 
ment on three British Intelligence reports on reaction propulsion devices for projectiles 
and aircraft supposedly being developed in Gennany.^*^*® Von Kannan*s comnents, based cai 
an investigation that he, Hsueh-Shen Tsien (Chien Hsueh-Sen) and I made, were sent to 
Wright Field <m August 2. Althou^ much of the data from Geiman prisoners in the reports 
was Incorrect, inexact, and exaggerated, it was possible to draw some interesting conclu- 
sions. Ihe fact that our conclusions bore little resemblance to actual Gerroan missile and 
aircraft develc^xnents, as we learned later, is irrelevant to their Ijrpact on the 19^3 
military scene in the U.S.A. Fascinating background material on these intelligence 

reports, to be read with ciixrumspection, can be found in the book Ihe Mare*s Nest by David 
q 

Irving.^ 

The AAF ‘ *oison Officer at Caltech at this time was Col. W. H. Joiner, a most 
congenial and helpful officer. He iimiediately appreciated the significance of our con- 
clusions and suggested to me that a study should be made of the possibility of propelling 
ballistic missiles with the rocket engines we had develc^^ed or that were available at 
Aerojet. I turned to Tsien for help, and the two of us corrpleted our study in November. 
Ihe results showed that althou^ ranges in excess of 100 miles could not be reached with 
available engines, rocket missiles could be constructed that had a greater range and a 
much larger explosive load than rocket projectiles then being use^i by the Anned Forces. 
After discussing the analysis with us, von Kannii decided to attach a memorandui/i to our 
report proposing that a development program be initiated along the lines we had indi- 
cated.^^ These docurients for the first time carried the name ”Jet Prcpulsion Laboratory.” 
Joiner sent the memorandum and analysis to the Connanding General at the AAP Material 
Center. Captain R. B. Staver, an Anry Ordnance Liaison Officer at Caltech, occupied an 

office next door to Joiner. Staver also forwarded these same documents to Colonel G. W. 

2 

Trlchel, Chief of Rocket Development Branch of the Anny Ordnance Departeent. 
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Von Kairoan, Tsl«i and I at this point concentrated our thou^ts on the technical 
problems of long-range missiles and on what appeared to us to be the most resiscnable steps 
to be taken to develop them on the basis of current experience in the U.S.A. with solid 
and liquid prcpellant rocket engines. Staver and Joiner, on the other hand, pursued quite 
a different thought process. Staver later told me that they were concerned with assuring 
continued support of the developinent of rocket and other types of Jet engines and of their 
application by the military services aifter World War II. Ihey feared the historic ten- 
dency of the government to drop potentially Important research for military purposes 
a war ended. Purtherroore, they believed that our Project should not only be continued, 
but expanded to become a center of Jet propulsion and missile research and development.^^ 

I have pointed out before that there was a conflict of opinion as to the kind of work that 
could or should be undertaken by an academic institution of higher education and 
reseai*ch.^ Von Kamm and I were of the view that Caltech was an appropriate organizaticai 
to take responsibility for basic engineering research, but not for the development of 
prototypes of engines and of vehicles that Involved probleiriS of meeting producticxi and 
end-result specifications. The fact that the ORDCIT Project did include these latter 
activities can be understood only in terms of the special situation prevailing in the 
U.S.A. in 1944. 

Ihe response of the military services to the two documents on the develcpnent of 
long-range missiles planted a seed for the bitter inter-service military rivalry that took 
place in the 1950s. I recall discusslcais with officer;, in the Air Forces and the Ordnance 
Department on the appropriate ’’botanical” classificatioi. f a rocket missile. Those ccxi- 
cemed with army ordnance said that, since long-range guided missiles followed a ballistic 
trajectory like a gun projectile, such missiles were clearly a responsibility of the 
Ordnance Department. Those responsible for long-rar^e aircraft bobbers sadd that, since a 
long-range guided missile needed aerodynamic control during the first phase of fli^t in 
the atmosphere, the Air Forces clearly stould be responsible for their development, and 
they called the missiles ”pilotless aircraft.” 

But the Air Forces did not respond to our proposal, much to our amazement. 

Instead, von Kaim^n received a letter on January 15, 19^^, ffom Trichel of Arn^ Ordnance. 

It expressed not only interest in the proposed program, but a desire that Caltech under- 

12 

take a mc3re intensive program than originally outlined. Trichel urged that a revised 
and more inclusive program be undertaken at the earliest possible date. He further stipu- 
lated that the Ordnance Department was prepared to furnish the necessary funds to cover 
such a project providing Caltech, in turn, was willing to give the necessary errphasis to 
the undertaking in the assignment of personnel and facilities. He also recomnended that 
a proposal be sutanitted that would Include a chronological schedule of the studies to be 
made, models built, etc.; further, if such a project was decided upon, It would be 



advisable to make a contract with Caltech on a cost-plus-a-fixed-fee basis. The plan of 

operations should initially cover not nwre than one year and the expenditures should not 

exceed $3»000,U00 for the one-year program. 

Trichel^s letter threw us into a pix>per dither! We prepared a new proposal 

incorporating his suggestions, and von Karaan, with the support of Robert A. Millikan, 

Chainnan of Caltech *s Executive Council, obtained the approval of the Caltech Trustees to 

put forward the proposal to the Ordnance Department. On January 20, Brig. General B. W. 

Chldlaw, Chief, Material Division Office, Assistant Chief of Air Staff, directed a letter 

to the Cannandlng General of Materiel Contnand, Wright Field, requesting the followir^ 

12 

-Jifonnation: 

a) Will the Amy Air Forces authorize the use of the facilities at GALCIT by the 
Ordnance D^>artment? 

b) Will such a long-range development cmtenplated by the Ordnance Department c<xi- 
f ILct with work being conducted by tne Amy Air Forces? 

Von KamiSn also responded on February 1 to Major General Frank 0. Carroll, Chief 

Engineering Division, AAF Materiel Contnand, WrL^t Field, inquiring about APF interest in 

research directed towards the development of aircraft or pilotless-aircraft traveling at 

transcxilc speed, and apparently helped the Materiel Comnand formulate answers to the above 
12 lU 

questions. * Accordingly, on February 17 the AAF Material Cotmand at Wrigtit Field 

cleared the Ordnance project to proceed at GALCIT, so far as the AAF was concerned. Also, 

Carroll sent a letter to von Karm^ approving, under his supervision, a project for 

"athodyd” (ramjet) engine development with the Ordnance Department that could be used on 

12 

aircraft, provided AAF research would not be retarded in any way. 

Events now moved rapidly. On February 28, 19^4, von Karman submitted on behalf 

of Caltech a new proposal, based upon Trichel^s suggestions, to Major General G. M. Barnes, 

Chief of the Technical Division, Ordnance Department, in Wasliington, D.C. This proposal 

12 

was accepted practically Intact (It appears in the appendix). A Letter of Intent for 
the Amy Ordnance progr*am was placed with Caltech on June 22 "for services consisting of 
research, investigation and engineering in connection with the development of Icng-range 
rocket missile and launching equipment and for corrf>lete reports, drawings and specifica- 
tions describing all work dme in ccwiectlon therewith." An expenditure not exceeding 

$1,600,000 was authorized. A definitive contract followed, and entered into force on 

1 2 

January 16, 19^5, with the following objectives: 

a) The missile wouli have a minimum wei^t of high-exp losure payload of 1000 pounds. 

b) Maximum weight of the missile would not exceed a wei^t consistent with good 
design and maximum payload. 

c) The missile would have a range of up to 150 miles. 
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d) Target dispersion at maxtaum range would not exceed 2 percent for a missile 
suitable for direct icxi by ranote control. 

e) Hie velocity would be sufficient to afford protection from filter aircraft. 

Ihe teiTOination date of this contract was set at December 22, 195^; however, it was later 
extended throu^ June 30, 19^6; the total funds provided amounted to $3,600,000. 

Hiis ejqpanded program led to a reorganization of the Air Corps Jet Prc^ulsion 
^search Project, GALCIT, into the Jet Propulsion Laboratory, GALCIT. Ihe new program was 
glvai the designation (BDCIT Project (OBDCTT is an acronym for Qrdnance-California Insti- 
tute of Technology). 


IV. RBCM5ANIZATI0N (F THE AIR CORPS PROJECT DHO IHE 
JET PROPULSIOi LABORATORY 

Hie (FDCrr Project required rs^id expansion of the staff and facilities of the 
Jet Propulsion Laboratory (GALCIT), or, JPL. During the period under ccaisideration, JPL 
was attached to the Guggenheim Aeronautical Laboratory (GALCIT) directed by van KdnnSn. 

He remained titular director of GALCIT until 19^9, when he became Professor Eineritus and 
Clark B. Millikan succeeded him. By this time, JPL had been separated from GALCIT and 
came directly under the overall administration of Caltech. 

While we were in the midst of pi^^>aring plans for carrying out the prc^ram of 
the ORDCIT Project, von K^rniSn underwent serious abdominal surgery at the end of May 19^^, 
in New York City, which prevented him from returning to Pasadena lintll September. While 
he was recuperating in New York, General H. H. Arnold, Corrmanding General of the AAF, 
asked him to undertake the creation of the Scientific Advisory Board to the Chief of Staff 
of the AAF ”to investigate all possibilities and desirabilities for postwar and future 
war’s development as respects the AAF.” Von Karman left for Washington, D.C., in 
Deceirber 19 :;hereafter returning to Caltech only for short period of time. 

H e scope of the ORDCIT Project posed Caltech administrators with novel problOTs. 
How wocJd ticy manage the range of activities, the size of the JPL staff, and the amount of 
money involved? \ decided to establish a JPL Executive Board, responsible to the 
Caltech aim^^ilsti r tlcxi, v^ose task would be to oversee the general policies of JPL 
aulTiinistratlon ani the Implications of any new technical developments that took place. 

Hien, \&ien von Kaiman took leave of Caltech, the question of who would direct JPL had to 
be resolved. C. B. Millikan was asked to become Chairman of the JPL Executive Board, and 
I took over as Ac"“lng Director at JPL. But the irrplications of this division o± respon- 
sibilities soon required clarification. 

Frcm my long experience of working with von Karman, I knew that a certain cool- 
ness existed between him and C. B. Millikan; to be sure, I had inherited this feeling. 
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I also could not easily forget that, if von Karro^ had not overruled him, Millikan would 
have stopped the GALCIT iu>cket Research Group in the spring of 1936. Whai Millikan stated 
in the autumn of 19^^ that he expected as Chairroan of the JPL Executive Board to chair 
regular weekly JPL project conferences, I exploded. I told him that I could not continue 
making technical and administrative decislcxis if the conferences were run by somecxie who 
was not Intimately aware of what was going on in the laboratory from day to day. Von 
Kdhn^ supported me. 

Neither my relations with the JPL Executive Board, nor those of Louis G. Dunn, 
who succeeded me as JPL Director in 19^7 > were ever very satisfactory. On one occasion in 
1945 I became so irritated with Millikan when he presented a summary of work underway to 
the Board, that I slanned down my papers, announced my resignaticxi, and stalked out of the 
meeting. Ihe next day, after taking into account the reasms for my displeasure, Millikan 
and other Board members convinced me to change my ndnd. But the prc^lem of divided res- 
ponsibility was never resolved. Dunn, #)en he became JPL Director after I left, simply 
refused to attend meetings of the JPL Executive Board, and Caltech finally dissolved the 
Board in 1948. 

In 1944 , Col. L. A. Skinner was designated Liaiscxi Officer for the Anry Ordnance 
Department. Ihose of us ccxicemed with solid propellant rocket engines were acquainted 
with his studies in the 1930s of nitroglycerine-nitrocellulose as a propellant. I also 
had met him when he worked with the "Indian Head Groi^” at Indian Head, Maryland, in the 
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early 1940s. Joiner was succeeded by Col. E. H. Eddy as Liaison Officer for the AAF, and 
Lt. Col. J. W. Newman was designated Liaison Officer by the Anry Ground Forces . 

Beginning in 1944, research at JPL was carried out on four major projects: JPL-] 

(Project MX 121 of the Aircraft Laboratory of the AAF Materiel Conmand, was a continuation 
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of the program previously carried out for the Aircraft Laboratory ); JPL-2 (Project MX 363 
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of the Armament Laboratory of the AAF Materiel Cormand, begun in 19^3;. was on hydrobomb 
research); JPL-3 (Project MX 527 of the Power Plant Laboratory of the AAF Materiel Comnand, 
begun in 1944, was primarily on ramjet engine research ); and JPL-4 (the OfOCIT Project). 

Ihe ORDCn Project Involved not only fundamental engineering research on thei^Tial 
jet propulsion engines, propellants, and the design of guided missiles, but also the con- 
struction of missiles and launching devices for firing tests. Ihe firing tests were to be 
made in cooperation with the Ordnance Department. Thus, we had to become accustomed to 
thinking in terms of design and construction of much larger devices and equipment than 
before. We were greatly helped in meeting this situation by Romeo R. Martel, Caltech 
Professor of Civil Qigineering and a member of the JPL Executive Board, and by Aladar 
Hollander of the Byron Jackson Co., of Los Angeles, a manufacturer of pumps. Ihe design 
of large ccaistructlons required to develop and launch missiles was guided by William A. 
Sandberg of the COTSoUdated Steel Co. of Los Angeles. Mark Serrnrrier of Caltech super- 
vised zhe desigi of Installations for ramjet engine studies. Eugene M. Pierce, Sr., an 



architect Uho had been ny personal assistant since 19^3 > and W, Hertensteln, head of 
maintenance and buildings at Caltech, bore the brunt ol des idling and contracting for new 
buildings that had to be construr".ed as quickly as possible. Ihe construction prograr 
was further aided by the Ordnance Liaison Officers — Skinner up to August 19^5 and there- 
after, Colonel Benjamin S. Meslck. Yal C. Larsen took charge of Laboratory administrstlon 
in 19^6, and supervised material procurernent . William R. Stott, Assistant Conptroller at 
Caltech and I spent many days can contract negotiation. Ihe layout of buildings and 
special facilities of JPL in June 19^5 is shown in Figure 1. 



LoLoratory, Juic 


Ihe organizatlcai chart of JPL as of January 9, 19^5, is shown in Figure 2. Ihe 
Technical Section Chilefs were; 

H. J. Stewart, Section 1, Research Analysis 

J. V. Charyk, Section 2, Underwater Propulsion 

H. S. Seifert, Section 3# Liquid Propellant Rocket Engines 

C. Ba^^tley, Section 4, Solid Propellant Rocket Engines 

P. Duwez, Section 5, Materials 

S. A. Johnson, Section 6, ProfJt'Ilants 

W. B. Barry', Section 7» Engineering Design 

J. AmneiL'>, Section 0, Research Design 
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Qr^anl 2 ation Chai-t of the Jet Propulslai 
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W. H. Pickering, SecticMi 9, Ranote Control 
W. D. Rannle, Section 10, Ramjet Engines 
S. J. Goldberg, Section 11, Field Testing 

Tsien, wlio had been the first chief of the Research Analysis Section, left 
Caltech for the Massachusetts Institute of Technology In 1946. He returned In 1948 to set 
14 ) the Jet Propulsion Center established at Caltech by the Daniel and Florence Guggenheim 
Foundation. Martin Sunmerfleld returned to JPL frtm the Aerojet Engineering Corporation 
In the autumn of 1945 to take part In plannlr^ and research analysis of possible ai^llca- 
ticns of rocket propulsion to extraterrestirlal space fUgit. 

I have already discussed from my viewpoint the hl^ points of research under- 
taken on solid- and Uquld-propellant rocket aiglnes and on ramjet engines up to the end of 
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1946 at JPL in ray memoir on the Air Corps Jet Propulslcai Research Project. I shall 'ils- 
cuss briefly below the research on guidance and control of missiles that William H. 
Pickering, a later Director of JPL, Initiated In 1944. 

V. 194J1 MISSION TD EUROPE 

Colonel F. F. Reed, called "Froggy" by his friends, visited JPL in the sunmer of 
1944 . He was Assistant Military Attache, Ordnance Department, In London. We decided that 
I should return his visit by going to Great Britain to study rocket and i^et engineering 
research, to obtain firsthand experience in the target area of the V-l's and V-2's, and 
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to inspect the parts of the V-2 that had strayed off course and landed in Sweden. I went 
to Washington at the beginning of September for a briefing and to obtain orders for ny 
visit the European Theater of Operations (ETO) . After some delay, a return trip 
to Pasadena, the orders appeared. During the first week of October 1 flew to Prestwick, 
Scotland, and then took the train to Londai. Since iry trip included an Inspection rf 
German V-1 launching sites ana ether kinds of installations in northern France (Pas de 
Calais region) liberated in August, I was given the rank of Colonel (assimilated rank, in 
case of capture), with the instruction that I was not to wear an insignia on iny urdform. 
Considering that I had received the rank of 1st Lieutenant in the Officer Reserve in 19^<?, 
which I had to resigi in order to continue rocket research at Caltech, I considered 
Junp in rank prettv good. 

Upon the urging of Reed, I designed and had a tailor make a shoulder patch with 
a rocket on it — perhaps the first U.S. military insigila signifying rocket missiles 
(Figure 3)* Although 32 years old, I looked much younger, and on ny i-etuin Journey, when 
I checked in at BolUr^ Field in Washington, D.C. to catch a B-17 to Los Angeles, the 
sergeant at the desk lojked at my identity card, then looked at me and said, "Don't kid 
me, you can't be a Ckilonel!" 



Wk. 3 


Unofficial Rocket f'ilsslle fha'lder Patch Designed and Worn 
By the Author In the Eliropean 'Yieater of OperaticMTS , 19^^ 

350 




Elghty-two r^ames of engineers and scientists in the United Kingd^ m appear on t? 
list of those 'dth vrtxxn 1 discussed various aspects of my mission, among tnen: Sir Alwyn 
D. Crow, Controller of Projectile Devclc^^nient , London; W. Blackman, Chief Su^rintendent, 
Projectile Development Center, Abeporth, Wales; J. E. Lennard-JcMies, Chief Superintendent, 
Armament Research Department, Port Halstead; Capt. A. Richards, Superintendent of Torpedo 
Fxp* and Div, Greenock, Scotland; Comnodore F. Whittle, Power Jets Ltd. , Whetstone. 

The dlscussioTs were quite cpen on both sides, althou^ I knev/ that some infor- 
mation was held back. Just as I held back on some of our plans and developments. Compared 
to research practice in the U.S.A., I was particularly impressed by the extent of British 
theoretical analysis and the length of debate on pros and ccns before a decision was irade 
to build something. This difference in approach was in large part due to the much more 
limited financial and marpower resources available in wartime Britain. I A^ealize that our 
Private F fiasco, to be describev. below, might well have been avoided if a moi^e thorou^ 
theoretical analysis of an unguided winp^ missile had been made. 

The main interest In Britain in 19^^ centered on the impro^s'inent, under the 
dcmlnating personality of Sir Alwyn Crow, of an anti-aircraft rocket missile. Under his 
leadership, ungulded anti-aircraft ballistite UP rockets 7 for e^irotated Projectile) were 
developed and used in the Battle of Britain in 19^1. Some said tliat the UP’s should have 
been called ”mlsguided^’ missiles, for, as Charles C. Lauritsen, who watched thOT perform 
in London that year is quoted to have saia: ”I don't think they ever shot down a 
bomber. They did make a lot of noise, which p>erhaps gave a psychological 

boost to the people. 

By the time I arrived in London in October 19^^, only a few V-l*s were still 
arriving during the ni^t, launched from aircraft uver the North Sea because land launch- 
ing sites on the other side of the Ekigllsn Channel had been captured by the Allies. V-2*s 
barbardec Londcai fron bases off the coast of Holland. One shook-up a conference I was 
attending at Port Itolstead. first experience of this sort left me rather disturbed, 
but my colleagues continued the meeting as though rK)thing had happened. 

Infonnation hiB avai-.able on the V-2 arxi on Gennan engines using LOX and hydro- 
gen peroxide (H 2 O 2 ). The British wre of the view that the aitric acid-aniline propellaTit 
combination was less suitable than hydrogen peroxide and, hopefully, nltromeohane. We at 
JPL did not go overboard on either of these latter chemicals as the British did. (By 19^^ > 
we had good reasons to doubt the great expectations of John W. Parscxis and Prltc Zwicky for 
nltrcmethane as a monopropellant. It was tested extensively both at JPL and at Aerojet 
and, f 3 far as I know, nltrcmethane was finally given up as a rocket propellant becan e it 
is sensitive to shock and is difficult to use as a rocket motor c^x)lant . ) Test facilities 
for liquid-propellant engines were still in a very primitive state in Britain, and work 
was Just gew*‘ing underway on composite solld-prcpellant engines of long-^ duration. 
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there tas raich lnt«est In the possibilities of the rennet engine, OBinly 

because of Oenaan clalns, especially by Eugen S£jnger. the Ekriti^ kneif considerably aore 

than we did at JFL dxxit the probleias that needed to be solved to aadee a raa^et a prao- 
2 

tical csvioe. RaniJet studies were being carried out In Ehglara at Fewer Jets, Lbd., 
under Uoyd and Constant. Here, also. Air CcMaodore Rrank Whittle was ocntlnulng his 
develcpnent of turbe^t engines, and he and I conpared experiences on the vicissitudes of 
those tdto try to get unorthodox ideas accepted. 

I incpe- ted the parts of the V-2 brought fbom Swbden to the Hosral Aircraft 
Establt^vent at Fhmborough early in 1944. Desi^ eleaents of the engine and ttie gpld- 
snee ^stem we?e still not conpletely understood. Ihe latter wat especially of Intareat 
to us at JPL, since we now confronted the problens of missile guidance and control. 

Between Novenber 16-26, 1944, I visited Frence with Captain C. E. Nartinson, who 
had been assigned by Heed to look after me during mission Our flight across the 
fiiglish ChEstnel In a Douglas Dakota (DC-3) aircraft {sxwoked me to say tt&t we idxxtld not 
have crossed so <^ckly to Paris. We lanc'ed In e mi.'.-t at the end of the afternoon and 
gpt out of the aircraft. When a pilot appeared, we asked for our transport to Huds. He 
exclaimed: "Paris? The mailbag had Brussels on it sc tha\;'s whaa you are!" (The follow- 
ing signirica;Jt facts were uncovn<ed by the superstitious to account for our plight: we 
were cn fll^it No. 13, the Dakota's number added up to 13, and there were 13 passengers!) 
Okx:e in France, we In^iecVHI V-1 launching sites at W.zerne, Nontreuil and Sivacourt. 
Strategic bonbire by Allied alrciaft had produced only minor damage to the rodeet sites, 
whereas nearby village? were a shanbles. At Mlmoyecquer- and Viatten were very large con- 
struction.'; idiose purpoi ' tqp to that time no experts could make out. 

!fartlnson and j. celebrated 'Dianksgivlng Day with Americsn officors in Paris. 
After a turia.-y dimer et the Hotel Plaza Athmee, we were taken in hand by a ^foup of boob 
disposal officera who had five gallon bottles of something called "desert Juice" — areally, 

I «Mnk, a mixture of cogiac and cointreau, idiich would have been better used as a rocket 
pronellant. Oi ttie fUgnt back to London the next morning, H. P. (Robie) Robertson of 
Caltech, who was with the O.S.R.D. Mission in London, poured coffee into me to conbat its 
effects. 

While crossing the Atlantic on ny return Journey during the second week of 
December, the many hours gave me a chance to think oxer the implications of all I observed 
on ny tour. Whai I had departed ftom JPL ir. October, plans were far advanced for testing 
the first CMXilT solid propellant missile. Private A, for the design of a winged version, 
the Private F, and for the liquid propellant Corporal. lUrning over he many bits of 
information stored in ny miid, I suddenly rer . ”ed that the first objectlva ota? rocket 
research group had set for itself in 1936 ; .* *-hin reach — a sounding rocket Vie 

now had reliable solid- and llquld-pnjpellettit eriglnes with «<hich to build it. But first I 
had to sell the idea to the Ordnance Depar'tment. 
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Before proceeding an to Pasadena, I visited IVlchel and his staff during a stop- 
over in Washington, D.C. After reporting on ity European mission, I preset ited nv wish to 
have JPL desl^, construct and test a sounding rodcet. I explained that the prcgrait. could 
be carried out rapidly if modest requirements were set (to lift a "^Ib. payload to 
lOT -J ft). I also pointed out that a roctet with a liquid-propellant aigine could be 
considered as a mall-scale test version of the Corporal, expodence would be gained with 
launching techniques, and the rocl^t might be considned a first step in the development 
of a guided anti-aircraft missile. The proposal was imnedlately received favorably. The 
Amy Si0:ial Corps established requirements for the rocket that r.iet its meteorological 
payload needs. 5y Januaxy 16* 19^5f a study of the proposed sounding rocket, requested 
by the Ordnance Department, conpleted by Stewart and me ^ (See Section VIII). 

VI. THE PRIVATE A 

Ihe first ndssile to be tested used a solid-propellant roctet engine that could 

be quickly provided, as proposed by Tsien and the author in 19^3-^^ It was called 

Private A, with the intention to nsme subsequent missiles in hierarchical order of amy 

ranks. The JPL missile series ended in 195^ with the Sergeant, a solid-propellant 

surface-to-surface missile with an inertial guidance syst«n. The Private ^ (also ctesig- 

nated as tne XF 10S1000-A> was desi^ied to provide experimental data on the effect of 

sustained rocket thrust on a missile stabilized with fixed fins and on the use of booster 

21 

rockets for missilr launching. A ptioto0?ap^ of the missile is showTi in Figure 4. It 
bad a length of 92 In. , a maxlirun diameter of 10.25 In. and ^ tail fins extending 12 In. 
from the body. The gross wei^t was 500-550 lb. , including a payload of 60 lb. The 
solid-propellant motor, nanufactored by the Aerojet Engineering Coip. (new Aerojet General 
Corp.) delivered a thnist of 1,000 lb. for about 30 sec. The specific lnp»Jilse of the 
asphaxt-base ca. table propellant GALCIT 6lC was 186 sec. 

The Private *5 launcher was a 36-ft.-long rectangular steel boom of the truss 
typ>e, with four guide rails inrlde the truss. It was mounted cm a steel base and both the 
lateral and vertical angles could be varied (Figure 5)* The missile was boosted oy h 
modified Ordnance Department aircraft armament rocke^ss 5n a cluster as shown in Figure 6. 
The 4 rockets delivered a thrust of 22,000 lb. for 0.l8 sec. They ccxipleted their burning 
and disconnected fpcm the missile before it loft the launcher. Full derails on the desi^i 
of the Private A, its booster and launcher, can be found in References 22 to 24. 

Firing tests were made in the Mojave Desert at Leach. Spring, Camp Irwin, near 
Barotow, California, between Dec^entoer 1-16, 1944, while I was in Englam’. TVrenty-foi!r 
rounds were fired with an average range of approximately 18,000 yards; the maximum range 
was 20,000 yards (11.3 miles). The rrrfssile reached an estimated peak heigit cf 14,500 ft. 
and an estimated maximum speed of 1,300 ft. /sec. A view of the smoke trail of a 
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View of the ?PX«A3E A Missile 


Private A In fllsht Is shOMn In Figure 7- Trajectoiv analyses were carried out by W. 2. 

pc ofi 

Chlen and C. C* Lin. ’ The firing tests were coc^Jletely successful, meeting all of the 
object i'Trs specified for the program. The Private A became the precursor of coiposite 
prorellant rocket engine nissller. the Sergeant, Poiarls, Mlnutenan and Poseidon and of 
anti-missile missiles. 


VII. ThE RUVATE F 

Tslen and the author^^ also propot^ the addition of wings to a missile having 

the characteristics of the Private A, estimating that the range would be increased by 

about 50 percent with a reduced payload. We pointed out that the problems of stability 

and control of such an unguided missile were very ccrpllcated. The winged Private A was 
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de3l0Tated Private F (also the XF lOSlOOO-B), and used the same Aerojet solid propellant 
engine. The missile wa:; provided with fixed wings, having a span of 5 ft., sti±iby wlr^ 
of 3 ft. span were placed at the forwt/d end for trimlng tlx? aerodynamic forces and, at 
the rear, horizontal staMllzerr and a vertical fin (Figure 8). The sane Private A 
booster rockets v#ere lised. A new launcher was constnicted with two rails. In order to 
clear the wln^ and tan siirfaces. Design details can t*. found in Reference 27. 
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Fig. 5 

Ylm of the ffiBSTC A Laaicher 


Plrlrg tests were made at Hueco Range, Fort Bliss, Texas, bettiK.e*' 1-13, 

19^5. The tests began ort April Fool's Day and turned c3ut to be quite afprcpriate to the 
occasic«. All of the Pri¥ate F .rourds, though successfully .lauretel, went into a tail 
spin after a short fll^t (Figure 9). A strlkir® cortecraf siioke tr'll was drawi in the 
sky by the rocket Jet. il^inears ccnslyded after a post wartmi that -.'ur perforraaice 
ffllgiit have been <±»tained if t« Mssile had been constnicted with grew precisloi and If 
the lifting surfaces had been more readily adjustaiae.^®*^ In caliaer t,i»s, after the 
wr, whm the use of funds is acre careHiJly scnitinlzed, pmgrajB such as the Private F 
would have begun anly after sore theoretical studies of such a complex device tad been 
«le, and sare care; would have been taken In its constmctlon. 

IfMle tests of the Brivate P t«re i«le«ey at Port Bliss, Texas, m visited tte 
nearby missile test :rar^ feeing prepared for the (Wmnce l^artment at Wdte Sands, tew 
Itexido. Here, factlltl« were built for the tests of the MAC Corporal. These tests, in 
Sept€sft»r, inauguratal the Mhlte Sands Provi.:;^ Qraand, then tinder tte camaiA of Col. 

H. R. Turner. 
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aiTChlng the PRI¥ATI£ k Missile 


BoosteivFkxiket 


¥III. THE WAG asfiPCMi. 


I!» third long-range missile ttot Tslan arri I ccnsMered »as to be pn^lled 
by a pressure-fed sterile -liquld-prcfseilant Kicket engine of tte tyjse alreaidy develqwd 
at JPL. CXir pKfxssal contained the basic desipi Ideas that were us«J in the WAC C»pomi 
scwndUng rocket, Sim* a guidance awl caitrol systaa for missiles was uravallafcle In 
19^3 » we propojised that a liquid-propellant missile be boosted ait of a launcter by an 
unrestricted bumlirf: solld-prt^llant roctet. If launched "t .;ufflcl«it r.peed, tall ftr» 
woula provide the recessar:^' restorir^: force whert the missile was dlsturt)€<i into y» by a 
crcBS-wl«a. 

I have mentioned my brainstorm met the Atlantic In I>c«nber 19^*4 that led me to 

obtain .frer. the QrJnarios DepartSAint auttorlKitlon to desliys axri constntofc a samiltw 

rocket. It Is. apprcf>rlate f?ere to review briefly the historical bacto'CB.wl of omraling 
I 30 

rockets.' * Tlie poesslblUty of anplo.vlrW'’' racket propulsh>n for llftirc vehicle to great 
heights war ^tilzed at the begireilfy’ of this century. Rdierl H. GoMard first rave 
serious consideration to this r«t'lbllity In about 191^1. At first he stuiltxl the 


Fig. 7 

View of the 5)noke Trail of the PRIVA'IE A In Plight 


feasibility of using cciTStant-volire-pirocess , short-luratlon smokeless powder rocket 
^1 12 

engines.-^ A more rigorous analysis of the fll^.t perfonnance of a rocket propelled by 
successive Impulses was made by Tsien and the author In 1939. A historical sunrer^* of 
sounding rockets Is contained In a book recently released by NASA,^^ though It should be 
used with cautloTi by historians. 

Black powEjer rockets were capable of reaching several thousand feet before the 
20th century, and ballcon^ in the 1930s could reach altltutes of about 100,000 feet. A 
successful sounding rocket, therefore, had to surpass the altitudes achieved by balloons. 
Flirthermore, to be useful. It had to be designed to ndnlmlze costs of production and of 
servicing and maintenance. In the 1920s Gcxldard had decided that a llquld-pz^opellant 
rocket engine offered better possibilities for constructing sudi a sounding rocket, and he 
obtained limited financial sigjport for developir^ one from the SbdUr^onlan Institution. 

Ihe Daniel OuggwThelm Fluid for the Promotion of Aeronautics, upon the urging of *^les A. 
Lindbergh, began to sig^rt this work In the 1930s at the station Goddard established near 
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Vl»i of the PRIVATE P in Laincher 


Roswell, Hew ffcxico. In 1936, Godkiard publisted a very gemral report on the prepress 
of Ms wcartk at Roswell.^® In 1936 cwr group at Caltech canclwied that Goddard had not 
succeeded in constructing a successful scxmrUng rocket tecause he had itnderestijiiated the 
difficulties lnTOlve<i™tbe day of the isolated inventor of cosplex devices ms ewer.^ 

Even CO, success fer an^'orje In the 1920s and 1930s was not llte'ly because of the state of 
roctet technology—there were m high-thrust, stort-duratlcn booster rocket engines, wid 
no suitable ©ildarKe systans. Ooddard's bOX-^ollne rocket engines, moreover, did not 
provide a high «m#i specific Iirpulse for the task. 

SlMlar difficulties confronted experimenter® in Oeimaiiy and in the Soviet Ua’on 
Kiiere a group liear’ad by M. K. Tiktiorravov first laancted a llquid-prqpellant ”Rocitet 09** 

In vertical flight c« Atgust 1?, 1933-^ In Qenwny, the V-2 CA-A) ballistic missile was 
launcljed In the early 19^0s in vertical flight. Though not deslgn«l as a saaidli^ rocket, 
it was SO used for a ceriod in tte USA begliminp: in April 19^6.^^ 

Bit the situation in 19^^ differed mlieally from the one that faced Goddard ten 
years earlier. Solid-propei:iant rocket engines for txxssters could be taken from wartime 
armajsient rockets and used to circiaivent the necessity of u guildance systan within a 





Hg. 9 

View of the PRIVAIE F in Flight 


scainding rocket. Both solid- and storable -llquid-prqpellant> rocket erigines with a thrust 
of sufficient nagnltude and duration, and with ad«juate specific irrfjulse, ted b«en devel- 
at JPL. Ihen, the Arm Ordnance Departn- tit requested that JPL study tny proposal for 
a sounding rtwket. It was quickly ccrpleted .and suisrdtted on January 16, 19^15 uteer tte 
title "Consideraticais of the Feasibility of Developing a 100,000 ft. Altiti*ie Rocket (Itie 
WAC Corporal )".'■■ The WAC was to be capaiile pf saiT^dr^p an instmaent paylc^ of 25 lb., 
that would be lowered to the ground by paractete. 

We coTsidei’ed fne advantages of using various types of rocket engl.nes to prc^l 
the WAC, in particular, (a) a Mgli-thrust, short-duration balllstite engine used in arma- 
inent rockets, (b) a Icng-duratlon aspiialt-base GADUT 6l-C solid-pix^llant engine of the 
type used In the Private A and Private P, and (c) a nitric acid-aniline liquid-propellant 
engine wltii a cooled motor and a gaii-pressure prcpellant si^jpdy systan. Armament rocket 
engines were ruled out because the use of a :'lr^tle otaa as the main ermine would have 
produced excessive acceleration of the WAC, which wa.S not deslrai'jle frcn the point of view 
of any iraJtruments ort:.oard, the mechanical desl^i, and the hljhi drag resulting from high 
fllgJjt speeds in tte dense lower levels of the atmoi5ptere. The second alternative, tte 


GAlcn 6l-C solbl-prc^'llant engij 


-ilnat«i because Its wolgrA wai? excessive. For 


the WAC to reaci; .sn altitude in excess of I0n,fh0 ft.. It «a.o estimated that an cverall 
Lmpuls^^wc-lgtit ratio of -at least sec. w.;t.' ryces.s-art/ , airi not mf>r».* tlian ar<,HJTiil 
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77 sec. cmld be obtained with the available GMJCIT €l-€ englm. We decided that the most 
feasible aiglne to meet WAC objectives would be tte nitric acld-mlllne engine. The motor 
to be us«3 was a mcxilfied version of one deslgred by Aerojet to deliver 1,500-lb. thnist 
for abcwt M5 sec. 

Hie next problesn studied was stability of tte MAC in vertical fll^t. Given 
seme small disturbance, gravity waild cause the trajectory of a missile in vertical fll#it 
to depart mm and more from the vertical. TWo methals existed to assure vertical flight. 
The first ard mst direct method Involved using a ®TO-stabilization system together with 
mo^le aeixidynamic surfeces. For the relatively OTall dimerBlOTs of a sounding rocket, 
however, the weight of such a system with its gyroscopes, servo mechanisms arri oth«r 
auxiliary equipment at tte time was so hi#i as to make it a rather dubious method of solv- 
ing the prd?lem. The seccand approadi Involved laumMng the MAC at a sufficiently hl^ 
speed so that deviation fixm tte vertical was mt of any great linpcrtance. This speed 
could be accoiplished by using a seccrxl rocket to boost the VP€ qpulckly to a velocity of 
about ^400 ft. per sec. before It left a launching tca«r. It was estimated that the WAC 
needed to be guided in a tower for arcund 60 ft. aj»i timt launchlr^ acceleration should 
not exceed aboit 50 g. 

The Ordnance Department accepted these recasraendaticx:®, and design of the WAC 

with suiiportlng equipment began immediately. The WAC, as finally constructed and tested 



(Pi®ires 10 and 11), had the following specificatior^:-" 

Overall length: 19^1 in. 

fexiiaiB diameter of boc^: 12.2 in. 

Three tall fins of 24 in. half span 
Gross veight: 665 lb. 

Empty weight; 297 lb. 

Red fimiiig nitric acid: 286 lb. 

Anillne-furfljryl alcotol mixture: 114 lb. 

Air at 1900 psi. : 191b. 

Motor thrust; 1,500 lb. 

Thrust duration: 45 sec. 

Impulse-wei#it ratio; 102 sec. 

The vehicle was ass&rblel by the Douglas Aircraft Co., Santa Monica, California, from 
coipon^ts sipplied by JPL’s OICCIT Project. 

'Ttie WAC sowding rocket was boosted from the lauicher by means of a modified 
balllstite solid propellant rocket englm from an arrament projectile called the Tiny Tim 
(Figure 12), which hal the folli dng speclficatlais:^'^’^® 

Overall length: 96 in. 

tedmum diwKter of body: 11.75 in. 

'niree Tall fins of 26 in. telf span 




Pig. 10 

Sketch of the MAC OBRmL 


Gross wei^t: 759 lb. 

Wei^t of prcpellant: IA 9 lb. 

Averse thrust (sea level): 50,000 lb. 

Ncralnal duration of thrust: 0.6 sec. 
liipulse-wel^t ratio; ftO sec. 

The laiaicher at White Sands Proving Ground consisted of a 77 ft. triangular 
structural steel tower, 6 feet on a side, resting on a trlpol 25 ft. hlgli with a 26 ft. 
base giving an overall height of 102 (Figure 13). The tower cmtalrKd three 

launching rails set 120° ^art to guldte the WAC and Its booster. T!w effective length of 
the rails was 82 ft. Details of tte design of the launcher are given In fteference AO. A 
COTtrol house was ccaistructed by the Ordnance Department A65 ft. from tte launcter 
(Figure 13). 

Tb check the flight characteristics , tests were made with a 1/5 scale model, 
called the Baby WAC. It was launched fro® a scale<l-down launchlr^ tower at Camp Irwin, 

hi 

California, beginning July A, 19A5- Che of the Interesting aspects of these tests ms 
the verlflcatlan of the suitability of enploylr^ th3« Instead of the traditional four 
tadl fins. For some reason, aerlel batbs and early rt>cket.s were equipped with fcair fins. 
Stewart, to save wel^t, proposed we use three fins. An Ordnance "expert” told us the WAC 
would fcten be unstable In flight, iten Stewart pointed out that arnws for lad three 
fins and performed very nicely, he was still doubtful. The tests of the Baby WAC 
settled the arguments; the model betoved very well, reaching an altltixle of arourxi 3,000 
ft. 
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mm of tne WAG 03RPORM. With the Author 


Slr.se the WAC «as expected to used as a irieteorolc^leal sourellng rocket In 
locations tlat wouM 'oe near fxfjulated areas, m decided to provide a 10-ft, parmjitate in 
tte rioj» of tte WAC tc lower It to ttie groind at a velocltj' of saviiTti 70 ft. per 

Tiie r«:C»as!;ute, to to re-letisaJ at the zenith of MAC’S vertical fli#it, was 
attacteil to ttie top of the prc^x;llant tanka anti hm^ed In the nose cone. 'It* nose com 
wtj aitactel to the MAC b;v me/trti of ttee expdoslve pins Inserttjd throu^i tte skirt of the 
nose cone Irsto liur welded on the tai< tead. llie skirt wa.n seated on a r J:)be'r ring 






,« ^ A3 

View of the WAC CORK]RAL laijncter, Control Hoise 
and Weather" Tov/er, September 1945 


sfal-strtp so that at launching atmospi-iorlc pressure was sealed in t.ho noa- and provided a 

I’oree to push the nose away at trie zenith of fllrfit, where tlir> txiUlde rresrure war 
practically zero. 
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Tm be tried to tif*e tlje ejqsiosive ^ins, at .aerdth.- Ihe 

trie circuit to the pirn.. ^;_seecaid sch^ med a ssechahieal tlsliig <tevic« to. close the 
ctj'mit afc the predicted ttete of fil^t to- fte Slg»l Cos^ps provider radio 

smie e^^ipaent with its ows pametate. to be; Imtalled in tte i»e camp to foe released at 
tl® swe tijfts as the paraelmte of WC. It also provide wither infwmtion, includ-. 
ing data t^talnel frm ’bsiloms rts.inf to about 100,000 ft. 

/The '<®C was. tested at the »ilte Sarrfs In Hew te«ico durit^ 

Septeftte* .26 to Octeter 25, .19^5, Just nim irnsriSte aft^ I pir^wed soujtilr^ I’ockefc to : 
ltdetel in D.O, Details of the test ptt:^rm can be fouM in fteferenees 37 to ■. 

todnswe Departmtt provided a C-^?- 'tojglas aircraft to twepert peraaaiei ar*J 
feQuipaast - between £os Ar^ieS'-sM VMte Ssaxis—lt «ss, of coirse, calla! the QfCCK A.ir- 
llre. A fietoiiT mB jsade cn one -flight so m cmM see the blast area -^iesr Alaaacgordo, 

Hexicc^ caused tte explosion of th®. first ator* bests-. It. »6ss a- verf^ d+sturfoir^' ; -:^it ,-: 
especially for us- •*» were involved in tte develGf»f»nt of .lor^rar^e rocket missiles,. 

- In 1936, -I- .nad. placed on .office wall at .Caltech, a chart tj-se’ coRfjOnent ■ 

parts mjuired.for a successful' sotaiclirs msket. S*- dreas had ttm h^cmB a reality, with 

M. W. M'lls (Bcjoster), f,3, Mseks '(Souridlf^ Socket}, W.A. Sandberg and rf.B. Barry - 

ties) ar-i- Q. Bh»>ftrsftn 

k gx-mp ^ctograph of most of the -OfiDClT Project persorawl .»to psrttcipated in 
the .test pK^rm at-l*ihlte &«nds is ^own In Fi|p» W, and t)» -ts^?iA-satiai eimrt of the 
graips partielpat.l*^' in tise ISAC Cca^i^ - prc©i»i in fi^xm 15. The large mtifcer .of peq&le 
involvel In tM-s . prt,gram lr*lieates the di'^aiys -©f IndlvidtiaJs .aifxi smll groups of 
.rocket 'enthusiasts .in tt» 19208 and- J93fe-to desi^i, et^stract, -wJ test a 

all of ti» .pmctica'?. ijnplloatlor.s of ttelf dream. ; 

Ute test p'ogra».p*oc*»dted step ^ sti^ isntil we were -©trident that -basic ctxs- 
-pcft-'Wtfes-were mtlzfmAar^," First, four m«iids. of . tte i^lght-acifysted 'Hry ftei- booster 
ai»K were fired to check the.-|rc*-wi.er, lawtteher art ftrij^ controls, and to ^ve practice 
■to radar ^ camm erews. Next,- two t««ids-of the WM ccrefnioted of steel tuMr^ : 

fl'llrt with ccrierete ; Ihese- .were followed by two W&C v^mM -with a jaartie"* 

el«^' of prqpellaat- to -check 'behavlcr cf tte'-l-lc^ld-propellarit t*ocaiet --th€*.gapara« 

-fclm of .the -boastei .- fras- tl» -MAC..a. 5 d. -tte- -cperat-i-cn -of -tM nos© cone rpeage aeefmisB. 'C^' 
-tp -this- point, ©li -»yatejss rsperdtef} satisfactorily, ex^it' for..tl« ?«»©' ec 5 ine release aeclsa- 
..RSsm, ^ 4 ileh ftrtisa - ine partial ohangja WiC rc-ached • of - i^jout . 28 ^^ 00 . 

ft,, tijougf! difficulties mr in ■t'raek.jrtf -it w 3 t-h 'radar. ' ♦ ; ".'Rad^' tmhklv% 






Group Photograph of OHDCIT Project Peroomel Who Participated in the 
WAG (X1\I0BAL Test Prograin at Sands Psw^ng Iroird, New l%xieo 

tletv^een 2h S^^ptmber ard 25 Octoter 19^5 


at this time was still in a n.d.ijiientar.> state of dev^dopment* H.e radar group fxxm the 
Ballistic Research Lal>oratory at Abeide«'n Fr*ovIm; Grourd, headed L*A* t)elsas3o, dealt 
with t'nese difficulties* 

OctolHcr 11, 1945 , bee^iHie out* great day for tM fir t flight of the WAC (Rouid 5; 
fully w*^th propellant. We cran*?d our neclc-' to watch the WACh^ siroke trail until 

the engine dopped at ai^und 80,000 ft* On the basis of radar tracking data, it was esti< 
rated that the maxirnuir^ altitude reached v/as between 230,000 and PHO^OC^ ft. The total 
tline of ni|^;ht was about 450 sec. or 7»5 minutes* he velocity of the WAC at the end of 
burning about 3100 ft. per sec. Tl'^e iirfact point f the It rcAU'i about 3,500 ft^ 
from the laiancher, which nmu'il Uiat the WViC had mlntalned a very satlsfaetor:/ vert ical 
path. Success! 

I fjy- 0cle n'oml;er of orlrirBl GAIXIT Rocket Research Greup of 393h to 
exr^rlence the caunimtion of Its hopes after the mrkV vl'^lssitude^” In rock<^t d* h^irf t 
iwer the eru^uliv*: period of V years* It is to describe c- " * he 

the sourdinij rocket soar* upmmi* Cne cm think of rrnnv .In a few minutes* j:h- '-f 

itf/ tlr^Ue'iits war that I could tmri mird to otner g ‘n a world fimi of rx>tn far- 

cimtlrr tochv'i.oloi^:lcal !oc irid ol despe:iTite social pro'r-lc^ir * Ir tuc* 
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Test ftxsgrss at Wiite Sands Pro¥lr^ Graml, Um Jfexico 
S Septastw and 25 GctcAwr 1945 

astronauticaLl fraternity, ttk,- tmlitlan of lig|itir« tf* a cigar had not as yet fcegsai. Ve 
scfitented cwrselTOs by lettli^ c«t i*»cf>s of Jcy, shaking hands and pattljwt each other on 
the back. CM* celebration ms of siiort duratim. .... luichly retiirned to work to prepare 
for tire laanctfirr of ^tie next rmm of the MAC the next cteijf! 

SI:; cliaiicecl rounis were fired lorlr^ this 1945 prvfj-am. In round ?, tte nose 
cone i-eleaiie sjechardi*! fyncticiKd praaaturely at axwt 90,CX» ft. and In mcid 8 tiie r»se 
oons m,'. relea.sed pratEtic-^ly stor*tly after the MAC left the lauacher but It continjed In 
vertical fllgtit. Ihe paraclMte did mt Icmr the MAC to tte ground successfully in any 
of tliese flig/ite, fcr It eltbier ftilled to releaser, rv-Jcased pr«mturely, or tcMtx* off 
cbirlig descer . TWs did not surfjrtse us, as tfiere was very little ex|»rieRce on 
Betovior of oaracf-iater. rt hl^di altitudes Wien tlw? parachute failed tte flnjt ttiw;, 

Irsteal of seekim cover, m* of us rwralned starxilrter. in tte !*tpact Jirea ^xKiairM* toier 
Stewart assured us that tt»- d ability of being struck wajj oxtranely snail. Even so, we 

wre itarcifKi to see Of*? lr|,^act U&e place about 200 yarrbj fra® #ieix? we were staniltm-. 






m dealing uith pT*obl«5» irsvolving mny yricncwns. Tha*s, we set the al* to 
■d at above 100,000 ft. Since no llquM-propellant engir» scwndir^ rocket befffl 
“d mere than a fm thousand feet, that seeswd quite asisitious. Ite fact that tl 
id OUT first theoretical altitide estimtes was prlaarlly die to a reduct l«i of 
welfj'it and the increased aaount of propellmt carried.. 

'eccsmerelatlOTS ffsMe as a moult of the tests Included; 

Si'lftlii' the emprmsed air tank ftxm tte bottom to the tqs- of tl» tank sssmtb'. 
,ir order to shift the center f gravity formrd. 

Suggestions for fuih.ter reducing the etffity we.l#it of the vehicle. 

l'<esifj%ling of a rel.iable nose cone release mecnanlai and of a strafv^r attachmci 

of tlm paractwte to tt» whis,le. 



Pig. 17 

View of the Pll^t of the WAC COVORAL on 2^ October 39iJ5 

4. Provision of a radar beacwi on the vehicle to lacilltate radar tracking. 

5. Design of a booster rocket with an Improved ii:pulse-to-weight ratio. 

When tests of the WAC ccvicluded in October, wc began studies for another soundir^ 
rocket given the desigjiatlon Servant. It was to be about the same size as the WAC but 
with a new cooled or uncooked motor, perhaps a ducted rocket .aotor, and a gas_genera«-ion- 
propellant supply system. .j program was not pursued, and Serig^ant later became the 
nane of a solid-propellant guided missile designed at JPL. 
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Fig. 18 

Plot of r idar Data Cbtalned Fran Round 10 or the 
WAC CrjRPORAL PulXv Charted With Propellant 


On Novariber 9* 19^5 > at Aberdeen, Maryland, representatives of the Ordnance 

Department and the Si^ial Corps met with JPL personnel to review ttje -^sults of the WAC 
46 

tests- It was decided that another five rounds of the WAC should be assembled and used 
for testing an inproved parachute and parachute ic lease system, a remitter beacon in the 
nose for radar tracking, and a data telemetering system. Various tests were conducted 
in cOTnection with this program at White Sancfe Proving Ground between May 7-29, 19^6.^^^^^ 
While these tests were underway, we first met menbers of tlie Gennan V*2 develop- 
ment team vrtio had been brou^it to the U.S.A. to be incorporated Into the OrdnsttKe Depart- 
ment's long-range missile program. Wemher von Braun acted as njx^esman for the :?xxap. 

3y this time we were quite well acquainted with the V-2 ndsslle. Two complete ones were 
received at JPL in June 19^5* Theli* arrival on two railroad Tiat cars caused more excite- 
ment among the people of Pasadena than a whale similarly transported some time before. 

In Mai^ 19^6, plans were initiated for the desig.i and construction of the 
unproved WAC Corporal B sounding rocket, with Meeks as Project Coordinator. The vehicle 
incorporated the recomnendaticMTs resulting from the tests of October 19^5 > and later, 
these of May 19^6, as well as a lighter weif^t r-eaesi^gied engine and propt ant tankc to 
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Increase the propellant>to-0ress wel^it of the first deslgi. A report on the tests of the 
VIAC B at White Sands Fk\>vlng Ground in Deoeaher 1946 and In February - 194? can be 

found in Reference 47. 

The results and know^nw obtained with the MAC Corporal were ir«xrporated in its 
successor, the Aerobee, designed and constructed by Aerojet and assenbled by the Douglas 
Aircraft Co. That project, sponsoored by the Navy Bureau of Ordnance, was carried out 
under the technical direction of the Applied Physics Laboratory of Johns Hopkins Uhiver- 
slty, supervised by Janes A. Van Allen. Ihe contract to Aerojet was awarded on Hay 17, 

1946, and the first full-scale Aerobee was launcdied at White Sands on Novenher 24, 

1947. ^^*^^ Since 1948, nmerous variations of the basic WAC design have been constructed 
in the USA and in other countries for use in high-altitude researtdi.^^ 

IX. HE aXEORALS 

A major objective of the QRDCIT Project, as described Section m, was the 

development of a remotely controlled missile to carry an explosive load of 1000 lb. for a 

distance of up to I30 miles, with a dispersion not in excess of 2 percent and at a 

velocity sufficient to afford protection from fighter adreraft. On August 14, 1944, iteien 

outlined a program for an experimental missile (with the (teslgnation XP36 L 20,000) that 

48 

had the following tentative specifications: 

(bx>ss weight: 5 tons 

Diameter: 36 in. 

Rocket thnnst: 20,000 lb. 

Ihrust duration: 60 sec. 

Sp. propellant cons: 0.005 sec. 

Stabilization: fins 

Range: 30 to 40 miles 

At this time, only a storable -liquid-propellant engine of the type developed by JPL could 
meet these reifications; the thrust required was such hl^rer than any motor constructed 
in the U.S..1. \jf> to that time. The largest uncooled motor that had been tested at JPL 
delivered about 5,000 lb. thrust. 

We also faced a requirement to launch a large rocket vertically without a booster 
rocket and a guiding laurxdier. I do not believe that we knew in early 1944 that the V-2 
was launched in tids way. There was considerable sc^ticlsm voiced over the possibility 
of keeping a large missile In a vertical position solely by means of tall fins and ccxitrol 
surfaces as it slowly lifted off the ground. On the other hand, it was not feasible to 
ooost a large, Lightly constructed v^cle at a higi velocity. 

Detailed analysis of the various ccnf>onents and of the fligit characteristics of 
the missile began Ijimediately. The desigi and testlnj; of the 20,000-lb. -thrust nltrtc 
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acid-aniline type engine was initiated under the supervision of Howard Seifert. We 

decided to develop two engines slnultaneously: an engine with a gas-pressure propellant 

supply system, with whldi nuch experience had already been gained, for Installation in a 

missile designated the Corporal E, and an engine with a turblne-drlven-pui|> propellant 

si^ly system engine (turborocket) for Installation In the Corporal P. The development of 

2 

a turborocket engine, already undm^way for some time by N. Wan de Berg, was speeded up. 

Polities for testing the ccnplete Corporal engines were constructed at the Nuroc Flight 

Test Base, California, of the Air Ttecfanlcal Sorvlce Oonoand. Th^ were conpleted In 

June 19^5 and operated under the direction of W. B. Powell.^ 

Um Dunn became Assistant Director in 1944, he devoted nuch of his effort to 

the Corporal program. In the sunner of 1945* SuramTleld returned IVom Aerojet and became 

coordinator of the px*ogram.^^ Ihfonnatlon on wortc carried out by the aid of 1946 on the 

aerodynamics and medianlcal design of the Corporals can be found In the ardilves of 
48-64 

JPL. Fabrlcatlcn of conpone n ts of the missiles was sub-contracted to machine shops 

In the Southern Callfamia area. Ihe construction of conponents became the main bottle- 
neck in the program because the CROC IT Project at this time could not conpete with prior- 
ities assigned to oUio* production ordo?s of the Aimed Forces for the final year of war In 

1 ? 

the Pacific Theata? of Operations. 

The problems of remotely guiding and controlling a missile were entirely new to 

JPL and, fUrthennore, no work had been carried out on aircraft autopilot systems at the 

Caltech Guggentx.im Aeronautical Laboratory, the suggestion of Sklmer, consideration 

was given to making contractual arrangements on Corporal guidance development with either 

C. Stark Draper’s group at the Hasuachusetts Institute of Technology (M.I.T. ) or the 

^rry Gyroscope Co. Meetings betwea vc« K^imSn and TWchel on July 29, 1944, and 

Martel and the author on August 24 with P erry personnel, led to a contract between JH 

12 

and Speiry for the cooperative development of the Corporal guidance system. I espe- 
cially enjoyed making the sicqualntance of Gifford E. White of Sperry, idio, with Plctering, 

66 

laid the basis for the guidance system. C. B. Millikan, tho had wide experloice In 

aerodynamics, devoted much time to getting this program underway. Primarily through his 

efforts, Pickering Joined the staff of JPL In August 1944 to establish the Remote Control 

Section, vrlth n?ank L^ian as his principal assistant. Infoimation on the wortc carried cut 

4*5 66 

under this Section up to the end of 1946 can be found in the archives of JP. * 

I believe memoirs by Dunn, Pickering, and Suiinerfield can the Corporal prograne 
would be most valuable, for they were respcsislble for its develcpment after 1946. The 

^See C. Staidc Draper, "The Evolution of Aerospace Guidance Technology, 1935-1951: 
A Memojx," In this volume - Ed. 

1 I 

See William H. Pickering with James H. Wilson, "Countdown to ^>ace Ejqjloratlon: 

A Memoir of the Jet Propulsicu Laboratory, 1944-1958," in this volume - Ed. 
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Corporal was succ^sfUlly fli-ed at White Sards on May 22, 1947 (cf. Figure 19), becoBJing 
a tactical weapon of the U. S. Amy In April 1954. 



Fig. 19 

Hie CORPORAL Guided MissU'* 

X. SOLID-PROPELIJUSrr RESEARCH A^'^' APPLICATIOIIS 

Sponsorship of solid-propellant reseaixh was taken over by the CRDCTT Project 

2 

from the Air Force Materiel Ccmand on July 1, 19^4. ^ this tirne, JPL had made the fol- 

lowing fundamental contributions to tdie deslsoi I construction of long-duration solid- 
2 

propellant engines: 

(a) Theory 

1. Von KirmSn-. allnr theory of cc8istant-thrust Icng-duratlcm engines (1940) 

(b) Propellant develcpment 

1. Pai’sms' break-away from balllstlte vdth amine black powder (1940) 

2. Parsons' Jntroductlai of perclilorates as ^ oxidizer (1942). 

3. Parpens’ introduction of asphalt as a fuel-binder with perchlorates; the 
inywitioi of a castable ca.se-bc»ided composite propellant cliarge (1942). 

Engine scripcTtent design 

.e'.ons* design of a restricted-burning (case-bounded) propellant charge 
’ h ;imlne black powder (194C). 


2. design of a safety pressure relief valve (19^2). 

3. Mills' review of various types of burning surfaces of a charE,-: and theoret- 
ical confinnation that the surface of a clgai'ette-type burning charge was 
stable (19*»3). 

After tdie successful JATO development with the asphalt-perchlorate propellant in 

19^»'-» Mills sought a ftiel-binder for the perchlorate superior to asi^ialt. In 19 W, 

Charles Bartley joined Mills' @x)up, and in 19^5 introduced as a replacemoit for asphalt 

a castable elastomeric material, polysulfide rubber, produced by the IhicJccl Oiemical 

Corporation. A report on the development of this propellant can be found in Refererwe 67. 

The polysulfide rubber conpared to asf^ialt produced a propellant nuch better both as 

regards storage tenperature limits and hardness at hl^ atmospheric tenperatuios. Ihe 

latter property was especially inportant in the design of high-thrust, aoglnes requiring 

68 

a charge with an interrial-burning surface rather than a cigarette-burning surface. 

Since at this time only Aerojet in the U.S.A. was producing conposite solid-propellant 

«iglnes, I drew the ccnpany's attention to the asphalt rep.iac«nent, but it was already 

Interested in a similar material made by the General Tire and Rubber Co. I believe it was 

at the urging of the Ordnance Department that the Hiiokol Chemical Corp. ^tereC the field 

of composite solid propellants with the new fuel-binder found at JPL. 

After obtaining the experience with the composite solicUpropellant missiles 

Privates A and F, studies began at JPL in 19^6 on larger missiles using, in particular, 

69 

the polysulfide rubber-perchlorate type of propellant. Ihe results of these studies ^ led 
eventually to the desi©! of the tactical guided missile. Sergeant. 

Ihe Laboratory followed closely developments with other types of solid propel- 
lants, especially balHotlte, used in hi^i-thmst short-duration engines suitable for 
boosters. Available engines were modified to meet special requirements for boosting the 
Privates and the WAC Corporals. 

Ccxisiderable research was <ilso conducted by the Solid Prqpellant Rocket Section 
under Bartley, and the Prqr)eiiant Section under N. Kaplan, and later under S. A. Jctostcxi, 
on gas generatlcMi systems to replace stored gas fox* x'ecdlng liquid propellants to rocket 
motors. Our optimism that such a systan could be developed quickly proved to be unfounded 
(See Section VIII). 
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XI. APPUCATICW OP ROCKET PROPUI5ION FOR EXTRATERRESTRIAL 
SPACE EXPLORATION 

I have described the background of the initiation of rocket research at Caltech 

in nv first memoir on the GALCIT Rocket Research Project, 1936-38.^ Space travel, which 

was the goal of this Project, was not stressed after we resdized that existing rocket 

technolo® was insufficient to reach this goal. It is true tliat Journalists published 

stories interpreting our studies of sounding rocket perfojmance and preliminary rocket 

engine experiments as heralding a planned landing cwi the Moon by Caltech. It vas not 

until after work on the Corporal was initiated in early 19*»5 that studies resumed that had 

been put aside ii'. 1938 (See Section V). 

The WhC could be considered as a two-st^ rocket vehicle. Sunnerfield and I 

began, I believe, in the suimer of 19^5 a more detailed analysis of such vehicles, with a 

re-evaluation of the feasibility of a rocket payload being launched at suffucient velocity 

to esc£^ the gravitational field of the Earth. Our analysis was based on the state of 

rocket technology at that time, and included a discussion of the possible use of a nuclear 
70 

energy rocket engine. The analysis led to the Malina-Sunroerfleld Criterion for step- 
rockets, which states that the optimum step-rocket will be caie in vrtdch the ratio of the 
mass of payload for each step to the mass of the step prcpelling the payload is the same 
(the payload for st^ one is the mass of aill succeeding propulslcn steps plus the mass of 
he final useful payload). 

Vfe calculated, as an exanple, a step-rocket to launch to escape velocity a use- 
ful payload cwisisting of an instrument for measuring cosmic ray intensity with a radio 
beacon transmitter for serxiing the data back to Earth. Obviously, if a useful payload 
could be launched to escape velocity, it could also be placed in orbit around the Earth. 
JPL's first satellite. Explorer 1, on January 31, 19^8, carried a cosmic ray instrument, 
and the payload weight was about the same as we had chosen. On January 3, 19^6, in 
Washington, D.C. , I presented the results of our study, as well as the high points of 
achlevanents at JPL, to the War Equipment Board of the Army, headed by General Joseph W. 
Stllwell. As I recall, the Board mad’ little comnent on the implications of the possi- 
bility of launching a man-made object away frcam the Earth. Stilwell observed in his diary 

in regard to his assignment to the Board: "I am eminently suited to do something else and 
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would as lief sit on a tack/ 

'^'Frank J. Malina, ”0n the GALCIT Rocket Research Project, 1936-1938,” First Steps 
Toward Space: Proceedings of the F irst and Second Histo ry Sy mposia of the International 
A cademy of Astronautics , Shiithsonlan Annals of Plight, No. 10, Washington, D.C., 197^; 
also in Russian in F ran the History of Rockets and Asti no nautics (Moscow: ^blishlng House 
Nauka, 1970). 
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We had made conservative assuB¥>tions in our "escape" analysis, especially as 
regards propellant specific Impulse and structural weights of vehicle components. We 
esv.mated that a 5-st^ rocket to launch a 10-lb. payload to escape velocity would have to 
wel^ 3*000,000 Iha. for the nitric acld-anlUne propellant condainatlon, and that 450,000 
lbs. would be required for oxyg&n and ethanol. It was difficult for almost anyone In 1946 
to Imagine meeting the engineering problenm and cost of constructing sucl'i rockets. 
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The analysis we made was correct, as J. E. Ftnehlich pointed out In 1959* 

Hmever, betme&n 1946 and 1959 Improvemaits In engines and structural design permitted the 
gross weight required to launch a payload to escape velocity to be reduced by a factor of 
over 400. Hils is certainly an amazing demonstration of the possibilities of technolo- 
gical research and developmmt idien there Is a will to sufport them— fcr good or evil 
purposes. 

On July 7* 1946, I returned to London on a secmd mission In Eurr/pe for the Amy 
Ordnance Department. Asslgied to the office of Colonel Reed, Assistant Military Attache, 

I was asked to report on natters related to sclaice and technology as well as rocket pro- 
pulsion and missile design. I remained In Europe until Decetdaer 1946. During this time 
I visited von Kdnn^ several times and we discussed aspects of the post-war situation, 
especially as they affected our plans for the future. 

I discussed our "escape" study at a meeting of the aritish Interplanetary 

Society (BIS) In London, and presented the paper formally at the Sixth Internatlaial 
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Congress for i^Ued Mechanics In Pard.s. Members of the BIS who attended the meeting 
were not very happy when I said that at this time aie could land a man on the Kocn, pro- 
vided he was s«it ip In two halves In s^iarate rockets, without the offer of a return trip 
to Earth. 

One result of this study was Sunmerfleld's suggestion that a program be Initiated 
to lauiKJh a two-step rocket vehicle consisting of the WAC Corporal bocsUxl Ly the V-2. 
Initiation of this program at JPL was authorized by the Ordnance Depai^mient in October 
1946, and the vehicle was designated Bunper WAC. A photograph of the rocket is shown in 
Figure 20. It was successfully launched at fcttiite Sands Proving Ground oti February 24, 

1949 and the WAC reached an altitude of 244 miles. Thus the WAC became the first 
recorded man-stiade object to enter extra-terrestriail space, and the "space age" could be 
said to have been epened In the U.S.A. in 1949. On July 24, 1950, a Bumper WAC became the 
first missile launched ftxm Cape Canaveral. 

VMle Sumnerfleld and I were concluding our "escape" scu-v* the Navy Bureau of 
Aeronautics on 12 Decaifcer 1945 made a ccaitract with JPL for st idles of a rocket vehicle 
for launching an Earth satellite. The work of the Navy and of JFj on this program can be 
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Hie EME-MAC Bocket Vehicle 


fswol in a dtet?»lled histcpical p^r by R, Cai^ll Ifall in this mime, Unfcrtunately, 

fcr tl» reasons he puts farmed, f tte Ma-^ dropped the pr«^rwn in 19^7. 

A Bunmary of the basic aspects of the physics of space fUglit as uMerstood at 

JH, in 19 A6 can be foaid in a paper by Seifert, Mills a«l SjatierfieM* A 'M.ded Missile 

and Upper Atuioi^iwe Spixjslum wm MM at JPL between fcrch 13-16 , 19^6 , in which eiperts 
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from all jarts of the USA participati n 
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ni. CX^CLUDING REMARKS 


There are many areas of research conducted under the ORDCIT Project that I Mve 
not discussed In detail, for exanple, wca?k on materials, chanistr^ of prqpellants, ramjet 
design, telemetering of data fTon missiles in fll^t and remote ccaitrol of missiles. The 
main reason is that my role in these domains was mainly of an administrative character 
and, therefore, those that led the actual work would best be able to shed li^t on this 
work. 

The preparation of my three memoirs on tlie origins and work the JPL betwen 
1936-46 has hel^tened my appreciati<ai of the diffi< ulties confronting historians of 
science and technology. Not only must historians understand the technical matters of a 
develqxnent, but they must make interpretations reqririrg wide historical perspective. If, 
in addition, these historians wish to portray the events accurately for the lay public as 
well as technical scholars, then their task is a most difficult one indeed — and if great 
care is not exercised, the truth will be replaced by myth. 

APH^IX 

CONIENTS OF CAIilECH’S PROPOSAL OF FEBRUARY 1944 
TO THE OREMNCE I^ARTMENT (cf. Reference 12) 

1. Theoretical investigations on the possible range as a function of the jnitial 
weight and the ratio between warhead and initial weight. It is especially necessai^/ to 
decide vrtiether pure projectiles or wing missiles or both types should be developed. 

2. Theoretical and experimental Investigations on stability and aerodynamic 
control. Study of tail stabilizers for projectiles and wing missiles; spinning devices 
for pure projectiles. 

3* Develcpnent of an adequate propulsion syst«n. Liquid rockets for Indefinite 
duration, and solid rockets up to 45-second duration liave been developed by the GALCIT 
Project and the Aerojet Engineering Corporation.... 

4. Study of the launching system; development of adequate guiding rails and 
auxiliary launching equipment. 

5. Construction of model projectiles of moderate size (300 to 2,000 pounds) in 
order to obtain data on drag, stability, propulsion efficiency and dispersion for the 
prototype project. 

6. Methods of remote control. 

7. Development of adequate experimental technique for flrln ^3 tests, execution of 
filing tests, and evaluation of results. 
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It is believed that the Institute could undertake the pursuit of these objec- 
tives. As far as ItOTis 1 to 5 are concerned, the Institute would undertake, vdth its own 
adequately enlarged personnel, theoietical and e^qjerlmental develof^nent work and would 
subcontract In the Los Angeles area the design and construction of launching equlpnent and 
actual models destined for firing tests. A preliminary survey of available shop and man- 
power faclllvdes in the local industry Indicates that such a procedure would be feasible. 
As to items 6 and 7 it will be necessary that the Ordnance Department select and maintain 
sites for the firing tests, furnish personnel and materials for executloii of the tests, 
and especially Instrumentation and personnel from the Ballistic Research Laboratory for 
the ballistic measurements. 

The laboratory development work should be carried out on a tract owned by the 
Institute adjoining the Air Corps Jet Propulsion Research Project. Arrple space is avail- 
able for the necessary facilities lor laboratory work and p^^und tests on propulsion 
systems. 

As a tentative proposal, the following items are respectfully subndtted: 

A. The Institute’s Responsibilities 

I. To fUmlsh conprehensive reports on the following itens: 

a. On the possible range and bombing load of large-size rockets. 

b. On stability and aerodyfiamics control of such rockets. 

On charact-vristics of adequate propulsion systtans. 

d. On the characteristics of various launching syst«ns. 

II. To design and ccr^^tmct the necessary facilities and carry out erperirnental 
research on propellants and materials involved in the design of long- 
duration rockets and athodyds; to carry out ground tests on the character- 
istics of such devices; to carry out and/or direct and supervise wind 
tunnel and airplane flight tests :.n cthodyds. 

III. To establish basic engineering date for the launching devices selected for 
firing tests. 

IV. To establish basic engineering data for the model projectiles to be used in 
firing tests. 

V. To supervise the design and construction of model projectiles and launching 
equipment subcontracted to engineering and manufacturing organizations 
selected by the Institute. 

VT. To set up a progr'dm for the firing tests arxi cooperate in carrying out the 
tests and evaluate the results based upon ai.1 proof data obtained. 

VII. a. To establish the specifications and basic engineering desi©i data for 
for one or more prototype units. 

b. To supewise the dci and construction of prototype units and per- 
tinent launching equipment by engiree^ing an^ manufacturing organiza- 
tions selected by the Institute. 
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B. The Qrdiiance Depansnent ' s Responsibilities 

I. To furnish the necesssry funds for the i'acilitles, mateiials, supplies, 
salaries, wages, and other expenses Includlnr: a fee covering the overhead 
involved by the general arinlnlstratlon of the Institute. 

II. To select, equip, and maintain suitable sites for firing tests. 

III. To furnish personnel, materials, and 'vipplles for execution uf the firing 
tests including the InstrumentaHon and personnel from the Ballii, .. j 
Research Ltbaratory for the nec.ossary ballistic measuranents and to be 
responsible for all safety precautions. 
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COUWnXMI TO SPACE EXPLORATION: 

A MEMOIR OF IHE JET PROPULSION LABORATORY, 

William H. Pickering^ with James H. Wilson (USA) 

I. nramjcnai 

In the spring of 194 I accepted the invitation of Theodore von Kamm, Director 

i* Caltech's Guggaihelm Aeronautical Laboratary (GALCIT), to Join a new wartime researcii 

id develOTmait project. It had been stimulated by the Allies* discovery of a large and 

Lgorous rocket-missile effort which the Germans soon launched upon the world under the 

iine of V-2. Althou^ Karm^ and his associates in the GALCIT Project No. 1 had developed 

family of small rocket engines for aircraft use, another Caltech project had devised a 

jries of short-range rocket projectiles, and other U.S. technical groups had done lnpor- 

tfit woric in military rocketry, at the time no development or research in the field of 

Tig-range rocket vehicles and missiles existed in this country to match the challaige of 

le V-2. Karman proposed that such a program be started, and Ariry Qrdnan<-, offered to 

xnsar the research at vdiat was soon named Caltech's Jet Prcpulsion laboratory.^ 

Many of the skills to be brought to bear cn the long-range rocket projectile 

»re already a part of the GALCIT Project, iidiich had made major contributions to the 

ichnology of rocket propulsion, notably in castable restricted-burning solid rockets and 

2 

lorable liquld-prc¥)ellant engines. But the new objective called for new technical 
dlls. The brilliant applied mathematician Hsue-Shen Tsien, vdio had contributed with 
irm^ and Prank Malira to the JPL-Ordnance proposal, organized a Research Analysis Sec- 
•on; problems of air-breathing engines, aerodynamic testing, and structural desigi, would 
i considered in other new sections; field testing and the acquislticn of a test range 
;re new problems. I'ty cwn field, electronics and instrumentation, would also be lieavily 
igaged in the Remote Control Section that 1 was to found. 


"^Presented at the Sixth History Symposium of the Intematioral Academy of 
strcnautics, Vienna, Austria, October 1972. 

Director, Jet Propulsion Laboratory, California Institute of Technology, 

>54-1976. 

n 
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At the tijne I spoke with vcn Karmw and agreed to Join the new proJect> I was a 
nesiber of Caltech's Electrical Ekigineerlng faculty engaged In a variety of teaching and 
research activities, mostly war-related. I had training programs underway for military 
electronics officers and civilian technicians; I had been associated In radar development, 
both at Caltech and at the MTT Radiation laboratory; and I had worked actively In the 
1930s and early 1940s with Victor Neher and Robert miUkan In cosmic-ray surveys using 
balloon-bome sensors. These Interests fitted in rather well with the anticipated needs 
of the Jet Fropulslcxi Laboratory, and It was very pleasing to be able to bring th>em 
together In this fashion. I am not certain vAiether I recc^Xiized the hlgi-altitude rocket 
and Its progeny the spacecraft as practical successors to the cosmic-ray balloon, but I 
feel certain that Kannan did see this far ahead. 

Theodore von Kann^ was many gceat men: a scientist and engineer, a teacher 

trtiose studaits may still be foisid among the leaders of aeronau' Ics In many nations, a 

gracious gentleman and persuasive advocate, and a builder of Institutions such as the 

■s 

International Acaden^ of Astronautics.-' But I think his greatest skill was as a mixer of 
Intellectual disciplines and social forces. His personality drew me Into the field of 
rocket technology, and created the Jet Propulsion Laboratory as a p>ennanent link between 
ordnance and nxsketry users and the scientists of Caltech. 

This two-dimensional mixing process, between rocket technology and the s^plied 
sciences on the one hand and between Caltech and the goverrment on the other, offers both 
a perspective for viewing the growth of the Laboratory from the challenge of the V-2 to 
the laurwh of Erq>loi«r 1, and a key for understanding the results. It Is ny purpose In 
this memoir to review the stages of this growth and to reflect on the mixing process as 
part of the pr^aratlcn for the exploration of space. 

n. A FOCUS PC» RESEARCH 

The project to study the teclmlcal problems of a long-range rocket projectile, 
named OTDCIT after Its Ordnance spaisor and Caltech as the research Institution, came to 
life under contract In late June 1944. At that point It shared the research arrd test 
facilities with three other projects spxonsored by the Amy Air Fbrces. These were the 
continuing investigation of rocket prcpulslon (the original QALCIT Project No. 1), the 
study of an underwater rocket projectile under Louis Dunn's leadership, and research into 
the air-breathing rairjet engine. Cocperatlcn among the spcnsorlng agencies did much to 
promote the Joint and mixed research activities. 

In part because of the broad spectrum of technical questions it raised and the 
new research It called for, and partly because of the strong appeal, both scientific and 
strategic, of ultimately being able to develop a hi^-EQtitude , long-range rocket vehicle, 
ORDCIT enjoyed an advantage over the three propulsicxi projects. A hl^-altltude sounding 
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rocket would carry on the woi^c of Mallna and his pre-war colleagues, while the long-rar«e 
missile answered the direct challenge of the V-2. Although all four of the projects con- 
tinued to grow, this last one grew fastest and furthest. It 9 «w geographically, expani- 
Ing to teoporary flight-test ranges in the Mojave desert and the Itexas reaches of Fort 
Bliss, and to peimanait launch facilities at White Sands, New Mexico; it grew technically, 
over the range of ongineerlng disciplines moitloned above; and operationally, from the 
testing of research v^cles to the systematic integration of a new kind of weapon, and to 

(I 

new dimensions of scientific observation. 

Hr own efforts wee concentrated vpon the OTOCIT Project from the time I Joined 
the Jet Propulsion Laboratoiy late that svmaa?. Hr first task was to travel Eetst to 
examine radar and optical tracking techniques at the MPT Radiation laboratory and Aberdeen 
Proving Qround, look into the state of remote control equipment at Sperry Qyroscope and 
Oulf Industries, and see Iheodare von Karm^, who was recuperating from surgery in New 
forte. I concluded that we would develop the necessary ground-test instrunentation and 
fugit-data Infonnatlon systems locally at JPL. 

It is Inportant to recall that the focus of the pre-war electronics industry 
was ipon ccnmerclal broadcast and ccmnunicaticns technology; television and feedback- 
controlled automation were on the bench, not on the shelf. Hig>-frequaficy applications — 
such as radar was to be — were severely limited by the lack of an aK>rqprlate anpUfying 
device. It was impossible to buy, and difficult to develqp, equipment that would function 
reliably under the stresses of field operation or rocket flight. But wartime mobilization 
changed this coopletely. 

IXiring Idils period the state of electronics technology advanced rapidly, almost 
violently. Anglo-American collaboration made possible a large and growing family of radar 
equipment and widened fields of application. Caiponents rugged enough to ride an artil- 
lery shell, exemplified by the proximity fuze, were in production. Aircraft autopilots, 
low-noise conminlcatlons, and fire-control systems became widely available. Most of us 
realized how far the techniques had moved only wh«i, in postwar surveys, we observed the 
ext«it to which Allied efforts had outstripped those of the Geimans and Japanese. I 
found, for exanple, that although the V-2 develcpnent rounds carried a radio telemetry 
system, the Peenemunde engineers had to rely principally i?>on tracking and recovery of 
the wi’eckage for performance and diagiostic Infoimaticm. 

By the time I returned ftom iry first trip in the fall of 19^^ and began activat- 
ing JPL's Remott otrol Section (also responsible for test instrumentation, fligit per- 
formance "reporting” or telemetering, and tracking), two rocket-vehicle project efforts 
were underway. The first, called Private, was intended to provide early Integration and 
launching experience and to yield vdiatever applied-research values were possible from so 
simple a desigi. It consisted essentially of a solid-propellant Aerojet JATO unit with 
aerodynamic nose and fin asseirbly added; it was launched from a rail by a cluster of four 
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soll<l-propellant rockets. Stabilized by fins after buTTK>ut of the booster. Private 
required no guidance system; there was no attempt to equip It with radio telemetry. The 
fll^t trajectory was deduced iron radar and motion-picture data. On the last two rockets 
of the first series. Private A, in Decenfcer 19^^, vje installed annored motion-picture 
cameras In the nose, looklr® sideways, to give information cn the roll rate. Thou^ 
battered by launch and impact, this rtKilmaitarv fli^t instruroentaticn did give the neces- 
sary data (Figure 1). 



Fig. 1 

Private A Rocket Tfest Vehicle, Instrumented 
With Motion-Picture Camera 


Ibis first ORDCIT v^lcle was tested Ir the California desert north of Barstow, 
not far fran the present Goldstone Tracking Station, in December 19^^. It gave valuable 
experience not only to the JPL team, but also to the group fTon Aberdeen Proving Ground’s 
Ballistic ftesearch Laboratoi 7 , who provided radar tracking. The next Private series 
involved a winged version of the missile, called Private F; this was tested at the Hueco 
Range of Ftort Bliss, Itexas, near the White Sands site then under ccaistruction. Private F 
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carried no fil^t telemetry or guidance, but the eye and the camera were enou^ to reveal 
the corkscrew Instability of Its fU^t path (Figure 2). 



Pig. 2 

Private P FU^t Ttest, Hueco Range, Texas, /^rll 19^5 
Showing Rolling Instability 

Planning had begin for the "second type of long-range Jet-propelled missile^ " 
named Corporal, before I had returned from the East Coast. ^ Ihio was tc be a guided 
vehicle, launched vertically, with a 20,000-lb-thr<i; t rocket engine using aniline and red 
fining rrltrlc acid. It would be a large technical step up fVom the Private serl-'s and 
ftxxn prior art In rocket-engine desl^, aerodynamics and flight path, airframe, and most 
of all In telemetry and guidance. For several years this vehicle would be the fociis of 
most of JPL’s research — especially ny own. 

Ihe emphasis In those years at JPL, In ORDCIT, and on these missile efforts was 
\4)on research. Ihe Private and Corporal supported research and Investigation, not vice 
versa, and although development of a military guided missile was the ultimate objective of 
our contractual work, the contract called for us rather to understand the problems of the 
system.^ A sunraary of these research-support rockets is given In Table 1. A similar man- 
date prevailed In the propulsion studies: GALCIT Project No. 1 had studied the character- 
istics of rocket motors for aircraft prop’ulslon and JATO, but the Aerojet Qiglneering 
Conpany (founded by Karman, Hallna, and associates) desl^ied and produced the final hard- 
ware products. Ihls applied-research Inpulse resulted from close instltutlonad bonds 
between the scientists and goverrment personnel, particularly Amy Air Fchws but Includ- 
ing other armed services. Ihese bonds had been built by Karm^ In the field of Aeronautics 
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JPL Rocket Research Vehicles of the 19M0s 
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during the prevlois ^>5cade, and reflected the sclence-ln-soclety tradition established by 
Robert A. Millllcan and George E. Hale a generaticHi earlier- in Vforld War I. 

When 0RDC3T began, two conplemaitary principles were In operation: that of 
cooperation and mutual understanding betweai the academic scientists of Caltech, the 
mllltai'y officers, officials of the govemroent, nd the working er^ineers of Industry; and 
that of the autononor of the technical expert and Investigator. The resulting balance was 
also worked exit on a grand scale In the nationwide wartime research moblUzaticai led by 
Vannevar Bush. The autonomy principle was foritallzed and strengthaied by ” ouls Dunn soon 
after he took over direction of the Laboratory in 19^7: the broad Air Forces contract v®s 
modified subtly to recogilze the ri^^ of the Institute, as well as the govemnmit, to 

7 

approve the technical tasks proposed. This independ^e was seldom exercised In fact, 
but It assured the Integrity of the laboratory as an Impartial technical advisor. 

In 1945 I pr^ai^ a preliminary analysis of guidance and telemetry problems for 

O 

Corporal. After reiterating the research mission of Corporal, I divided the fll^it pro- 
file into (1) vertical ascent, (2) declining-angle thrust phase, and (3) parabolic free 
flight, each with Its particular control requlremaits. (Vfe might note that the smaller 
test vehicles evaded such requirements by the nature of their launch inodes and flight 
profiles.) Stabilization during the vertical ascent, by a gyro-controlled autopilot, and 
the progranmed pitch turn were required by Corporal's mode of flight, and control of the 
burnout velocity and fll^-path angle to provide the required target eiccuracy. 1 seler 
ted the radar-conmand mode for this guidance, whose elements are Illustrated In Plgur 

While the Corporal research vehicle was maturing or. paper. Prank Mallna cc - 
celved an Interim scaled-down test vehicle which could also be used as a vertical sounding 
rocket — ^the climactic goal of the original Caltech student group. It was soon named Wac 
Corporal. Designed to carry a 25-lb Instrunent payload to 100,000 xt, it was to be 
ungulded, boosted out of a 100-ft tower by a "Tiny Tim" solid rocket and propelled by a 
1500-lb-thrust acld-anlUne rocket engine (Figure 4) . The first version, tested In the 
fall of 1945 at White Sands (and Inaugurating that facility) carried a Slgial Corps radlo- 
sonlc package, but no missile telemetry; a later version, tested In December 1946 and the 
following Spring, carried a five-channel JPL-developed FH'FM telemetry system as well as a 
parachute recovery scheme which could return the Instnxnents or even the vAiole missile 
undamaged for re-use (Figure 5). 

0 

The Wac Corporal was a triumphant program In many respects."^ Outgrowing Its 
R&D test-vehicle fUncticxi, It offered for the first time the realistic role of scientific 
Instrument carrier in a simple, relatively cheap form. It outperformed specifications, 
exceeding 200,000 ft altitude (a world re-jord at the time). It brou^t forth a new design 
cycle for rocket engine and airframe. But most Important here. Its launch operations. 
Involving the cooperation of JPL crews, the Aberdeen tracking team under L.A. Delsaaso 
(which had also supported prior flight tests), and the White Sands range, were a valuable 
preparation for Corporal testing. 
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Pig. 3 

Guidance and Control System for Corporal 
(Prom U.S. Patent 3,179,355) 


I was out of the country during the first series of Wac tests In 19^5; In coth 
pany with Karman, I was Iwklng Into the test Instrumentation and electronics developments 
of Gennany and J^>an, virtiere we found very little tnat could add to what the laboratory was 
already doing. I participated In Wac B operations, however, and began an Interesting 
association with the system problems of test-range operations and flight InstrumencatlcHi. 
In the meantime, the Corporal vehicle moved deliberately but surely towards Its first 
flight. 

On May 22, 19^7, Corporal E No. 1 rose from White Saids. Weighing almost six 
tons and st^llized by a pneumatic Speny autopilot, the slim white rocket lifted off Its 
flat stand, gradually pitched forward toward the target, arxl flow a ballistic curve to 
within two miles of Its 62-mlle target rang*.* (Figure 6). No precislai guidance had been 
employed, thou^ an experimental radio odimand was exercised successfully. A ten-channel 
FM/PM telemetry set (actually two of the Wac telemetry sets) returned measureirents of 
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tioti aril acxiuired an active tmmpmd^} trackii^ system 

Cilgure 7). 

^K>yed by tMs success, « prepared tte mrt bird for layorieMii^ ei#it weete 
later • The second Corpr^r^il Oiglit test, however, was a fiasco* Apparently tte air- 
pressure regulator, which controlled the flow cf propellants to tte irckct englre, mlfljnc- 
tiofied; efigine ignited, but with insufficient tiwst, and tyuxmd on the stand for 
aaecfids before the rocket ws li^t anoygh to get off the ground* flien the missile rose, 
tii^ped over, headed the sand, and proceeded to skitter throng tte desert wnderbrash 
under pc«r until it blew up (Fi^are 8)* / wag at tte sce» named it ^the rabbit killer*^ 
The next two fllgW: tests were better than this, but mt so ^xxl as the first* Hie follow- 
ing two years i^re filled with bench expe^^to^ts, redesigns, and ^und testing* Certain 
essential features of tte system rmalrM to be flown, in particular the carplete guidance 
system. 

In aicMltion to the Corfxiral and its antec^adents, idiich en^pged e laments of 
nearly every Laboratory seotiem, there were several spe:i'iallxeci rocket prAl^ts in this 
period idiich pithered a few--usually about two—research strmids into a flight foc^.is* 
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Fig* 5 

MAC fcae Section After fecovery 
(Mtbor in Foregrx^^und) 

The first of these Jointly interested m tela«try grt^^r of H. J* Ste«rt*s 

research analysts begimini^^ In IjHk; it ealMl RAFT^ the rocket airfoil tester* 

As the name implies* RAFT was designed to obtain aerodynamic informatlcn. At 
tMs tine* superscnie wind tiannels were few and far between* ard the tronsonlc region was 
and still is dlffiruit to s'limxlate in a tiriiel because of wll effects* Ite alternative 
is a f^e-fli^t vehJLcle* muntlng tre test airfoil ard necessary instrumentation* The 
RAFT vehicle was simply a five-inch Mavy ordnance rocket* with test section and instruments 
replacing the warl^iead (Figure 9) * The need for teleinetering the r;,;asurOTents ^ve my 
group the challenge of puttir^ tcgetlier a small* ru®ed, flight teleinetry set and asso- 
ciated equipinent; the test opemtion* conducted first in the fiojave desert site in 

early 19^5# ^ve us valuable early experience in field work bM data acquisition* These 
three-and fl ^/e-channel sets were the first working rocket telsiTietry imlts in the Ontted 
States* Ihiey operated on the sohc^* with the moas^jral forces ryir^ the frequency 

of a suhearrier oscillator* ard sewral separate suDcarrier sl^Is fr^uciv^yniKxiulatir^ 
tfm HF ^aroier* Tills ach«ie w^s subsequently carried over to Mac Corporal* 


Pig. 6 

First Corporal Launch, White Sards Missile 
Rar^e, New Ifexlco, 22, 19^7 

Other special-puipose rocket vehicles supported research in solid propel,lants 
and high-acceleration, high-speed dynamics, A jsmll veMcle ur»fficlally called "Ihunder- 
bird,” demonstrated the polysulfide coirposite-propellant , interrial-turrdrig star-grairi solid 
motor In 1947. With an acceleration over lOOg, it led to tte Hac-scale solld-pTOpellant 
research vehicle called Sergeant In 1948. 

But the Sergeant sounding rocket, urreLated to tte tactical missile of the sim 
name, proved to be ahead of its time. It ms Inspired by calcsHations that indicated a 
solid-isropellant rocket of the intanml-btimlrig-star deslg*- could deliver several tim^is 
the payload of a liquid-propelled ¥-2 type of slirdlar welgfit. Ttm tiiotor cliairlser walls 
were to be very thin because the propellant, bumliift from within, wotxld help contain leat 
Bid pressure. ki autopilot design effort ms teg-in, and static tests of tte mtor. 
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Rockset Airfoil Tester {Without Rocket ffotor) Shewing ffounted 
Airfoil, Instrrnnentation, 'Beleaetry CcRfsartraent 


weigjhing 1300 lbs and delivering about 6CX30 lbs thrust for more than 30 seconds, were 
ducted (*igure 10). Difficulties with solid rocket, manifested in the rapture of the 
thln-wall cast, coincided with a change in the JFL mission and an acceleration and 
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e]g>anslon of Corporal develc^jmsT*-.; the Sergeant project was su^)ended. The electrcnlc 

autopilot was ad<^ted for the Corporal missile while the solid-propellant aigineers took 

their problene back to the laboratory and test stand for more investigation. Rirther 

develc^ment was undertaken by the Thioknl Chemical Corporation. The ultimate heritage of 

this early "Sergeant" powerplant was the reliable solid roctet> used in large scale in 

the Sergeant and other military missiles, and in clustered miniatures to launch the first 
12 

Explorer satellites. 

Other projects of an Interagency charact^ also focussed JFL efforts in this 
period. They die. not center upm rocket vehicles but rather upon large-scale test facili- 
ties. The first was the Supersmlc Wind *njnnel, which grew in part fVom the ram jet pro- 
pulsion project but mostly fxm the needs of the designers of the long-range rocket for 
s( 4 )ersonlc test data. The wide range and hl^ value of Ihch numbers under tdiich the 
rocket models would need to oe tested went b^ond the caqpablllty of any available facility. 
A g^ieral need for such facilities could be foreseen, and the talents of Caltach — In par- 
ticular the brilliant aeronautical engineer Alim Puckett — were ready and willing to fill 
this gap. Accordingly, the Army and Air Force authorized JPL to proceed. A flexible- 
throat wind-tunnel of 12-ln test sectlcai was completed In 19^7, and a 20-ln tunnel In 
1950 . This enterprise si^ported not only JPL rocket desl^i and research program s , but 
also a large ©X)up of rocket and supersonic aircraft develt^jers and research laboratories 
under the aegis of the two anned service sponsors. At one time the wind tunnel took up 
about one-quarter of the Laboratory's effenrt, and it remains In c^)eration to this day.^^ 

The second interagency effort was more directly concerned with the rocket pro- 
jects — ours and others — and Involved ny own efforts as well as the laboratory in its con- 
sultative role. The primary external need posed ty the long-range roctet projectile was 
a well-lnstrixnented fligjit-test facility. We began to use and Inprove the White Sands 
range in 19^5, inaugurating it with the first Vfac Corporal In the fall of that year. We 
learned a great deal ab'>ut the instrumentation and c^jerational requirements of rocket test- 
ing in those early years, and, vrtien the Navy developed their Point Mugu test range 

(beginning in late 1946), I p)erfonned a nunber of studies to help them set up their instru- 
14 

mentation system. We shared what we had learned more infonnally with the other users of 
White Sands, which Included the V-2 scientific and engineering program, the Nike anti- 
aircraft develc^xnent, and the Navy's Project Viking.^ 

This interchange of Informatics, and the standardization of practice vbich fol- 
lc3wed, was coordinated by the Research and Develcpnmt Beard of the Department of Defense. 
One of the coninittees c^arated ty this board, chaired in successlcn by Bdmcaid C. Buckley 
and nyself, was ccncemed with test range Instrumentaticn; tracking, telemetry, and com- 
mand control. We wrote standards for an FW/FW telemetry system, erqpectlng this to be an 


*See Milton Rosen, "The Viking Rocket; A Memoir," In this volimie — ^Ed. 
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Interim stage pending the adc^tlcxi of pulse telemetry systems. To the surprise of a good 
neny people, FW/FM proved quite durable, and renalned In good use much longer than 
ejqsected. The successor to our conmlttee, the Inter-Range Instninentatlon Group, main- 
tained our stanlards In terms of subcarrier channels, but In later years the field of 
telemetry modulation gradually opened up to a great variety of schemes. 

By mld-19^9f then, the rocket- and missile-related research of the Laboratory 
vas focused prlxKlpally In the Corporal as a test v^cle for the technolosr of the U(yjld- 
propellant guided missile, vd.th smaller solid-prcpellant efforts ^thered around the 
Sergeant research vehicle, and aerodynamic research and testing In the wlnd-tumel. The 
stlll-grcwlng electronics activity was engaged In guidance, telemetry, and tracking for 
the missiles, and In Instrummitatlon systems for the wind tumel and the rocket firing 
ranges. own Interest was primarily «igaged Corporal's problems, thou^ I was con- 
cerned with ground instnmentatlm systems and the distant potential of the roctet for 
ufper-eitmosphere research. 


III. THE GUIEED MTSSIIE SYSTEM 

Nothing In nature remains fixed, and the swinging pendulum of research and 
develcpment under »Mch we had worked on Corporal swung rapidly forward In the fall of 
1949. The experimental rocket vehicle which we used eis a device to study guidance, mis- 
sile aerodynamics, and the like, was transformed Into a guided missile under development. 

Uhder the pressure of the changing world sltuatlc»i, and with the gulded-nnlsslle 
program now five yeare old, Amy Ordnance reviewed the pro^ject of obtaining an accurate 
and usable we^pcxis system ft?om our ongoing study effort. This was, after all, their 
objective. Their program had moved forward an two fVoaits: ORDCIT can an ^iplled-research 
basis, and Project Hermes building ft?cm the cJ^tured remains of the V-2 development as an 
Industrially-based technological program at the General Electric Company. With four fll^t 
tests accomplished, one of them highly successful. Corporal was evldaitly making good pro- 
gress towards Ordnance's goal, and Colonel (later Major Goieral) Holger Tbftoy of the 
Qroinance Missiles and RcxJkets Branch, asked Lcxils Dunn, JPL's Director, to determine 
vrtiether it could be converted to a weapons systan. 

Louis Dunn, vho had been generally respoislble for the Corporal program sirue 
1945, reasoned that the major technlceil step was the provision of an accurate guidance 
system. He accordingly brou^t me into the inquiry, and we gave the matter much thou^ 
before deciding In effect, "let's give It a go." In September 1949 we travelled East to 
confer with the Colcaiel Toftoy at the Pentagon. He talked to us about the need for a 
demonstrably field-worthy guided missile, the limited prospect for achieving this soon, 
and the Ordnance Department's wish that JPL move Corporal rapidly In thl.s direction. I 
was much lirpressed by the ftdth of this professional soldier In the Industrial-development 
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capability of our laboratory, considering that we were so largely research-oriented and 
had no experience of this kind. I believed we could solve the technical problems of the 
guidance system, hcwever, and Louis was confident that we could handle the Industrial- 
engineering transition. Ihus began the Corporal gulded-ndssile development project, for 
udiich Louis asked me to take responsibility. JPL be^i to change from a research organi- 
zation to a duel<ipurpose, research and hardware-development team. It really was as sinple 
as that: we said we could do It, and Tbftoy told us to go ahead. 

Things began to move. In April 1950 the Arny Ordnance Guided Missile Crnitm? was 
activated at Redstone Arsenal, Huntsville, Alabama. Althou^ at first the Dq>artment of 
Defieii:^ disapproved the Army’s request to list Cotpcral as a weapons system develcpnent. 

In October 1950 they established the Office of Director of Guided Missiles at a hl^ 
depai'tanent level. In the same month JPL was Issued a cmtract for the new Coiporal 
program. 

This shift in the laboratary's objective was accon|)anled by a more gradual 
change in the orgEtnlzatlon, in part to reflect the recognition of a dichotaiy between 
research and develc^xnmit engineering. In the early years there had been a relatively free 
mixing of researchers and roctet-builders, and it had oftoi been possible and appropriate 
for one man to follow his woric throu^ research to hardware develc^xnent . By late 19^4, 
however, we had separate guidance and electronics-research activities. In 1946, the many 
technical sections were clustered into four divisions; in Dunn's reorganlzatlcxi of 1950 
two of these emerged as research oriented, coitrasted with my divlsloi, now called Guided 
Missile Electrcnics, and the one headed by Paul Meeks, Guided Missile Engineering. 

I was not siltogether in agreemmit with this dlchotoniy, partly because own 
interests and the technical discipline of electronics are strcxigly rooted an both sides 
of the fence. The electronics activity at JPL had a dual role from the start: the imne- 
dlate develc^ment of test Instmnentaticai systems with long-term guidance research, or, in 
the later period, missile and test-range electronics together with comnunicaticais theory. 
Thus, my incUnatlai was more toward organizing cai the basis of technical disciplines, 
and lowering the barriers between research and practical operatiOTial develcpnent. L. 

1954, after I was named Director of the laboratory, addltlcxial growth in form and function 
called for another reorganization of the Laboratory, and we moved toward somevrtiat greater 
Integratlwi of research and engineering, with three departments divided essentially upon 
discipline lines. By the time of Ebqjlorer 1, the three Department Chiefs (respectively 
Fhank Goddard, Jack Fhoehllch, and Bob Parks) had additional responsibilities in the areas 
of research (including the wind tunnel <^>eratlons), the space project, and the missile 
project, respectively, though these three activities each drew on the technical resources 
of ail three departmaits. 

But in 1950 tdien It formally became a candidate gulded-misslle system. Corporal 
was still evolving slowly as a research vehicle. The propulslcn system, mature in 


400 



principle, was still developing in teiros of hardware as the desl^giers probed the dlmen- 
sicMis of wel^t, material, and configuration. Ihe autc^llot was at a similar stage, 
having progressed from the hydraulic design used in aircraft to a pneianatlc one, vrtx>se 
vulnerability to the heat and vibration «ivlrcarinent of the missile was demonstrated In the 
fourth flight test. Long-range guidance to provide accuracy at the target was still 
maturing in principle; test instrumentation, radio telemetary, and radar tracking were 
essentially ready to meet the needs of the developmoit program. 

“Hie most critical technical problem was long-i*ange accuracy. Corporal had to 
reach a target cnly a few hjndred meters across, about 110 kilometers ftom its launch site, 
after flying a course vdiich left the atmosphere and re-«itered it. The broad principles 
of radar-conmand guidance were these I had woiiced out in 19^5, and have mentioned above; 
the practical reallzatlcai of equipment idiLch would perform correctly and could be mass- 
DToduced was a distinct challange. 

Hiis was complicated, in turn, by two "strategic" conditions. First, none of 
us knew quite how accurate or reliable such a guidarwe system ought or needed to be; and 
seccxid, the Amy wanted one quickly. As a consequoxe of the first caodlticn, the require- 
ments for Corporal tended to evolve with the system, as the ■theoreticians, the engtrsers, 
and the military planners worked along and l^imed their way , and also as the Corporal 
test program fed information back to them. Uie second condition made it desirable that we 
work toward an interim solution rather than ultimate perfection. The Corporal system thus 
emerged as a hybrid, or leish-up, based on existing equipment or designs; A modified 
Corporal E roclret (Figure 11), an all-electronic autopilot derived f)?om the Sergeant test- 
vehicle project, modified Signal Corps 584 radar, and a doppler link for velocity measure- 
ment. For ground handling vehicles, we modified the designs of ccaistructiai and agricul- 
tural machines, among others. It was implicit in this approach that Corporal would be 
succeeded by a new and better system, probably in the 1960s. 

As ultimately develcped, the Corporal ©rldance system ccaiformed essentially to 

my plan of 1945: the irrertlal autopilot stabilized it throu^ launch and ccwitinued In 

operaticn, but it was augnaited In later phases of flight by overriding conmands from the 

more precise ground conputer-, operating fKm radar’ and telemetered missile gyre data. 

Range ccxitrol was maintained by shutting off the rocket engine vdien the preper velocity 

had been attained; this was sensed by the separate doppler link, and executed by a very 
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precise •valve syst«n actmted on radio conmand from the ground conputer. A measure of 
the accuracy of this early radio guidance is that within a few years we were able to find 
errors in the survey meps of Vfliite Sands. 

In the Corporal E flight tests, we had early discovered guidance and ccmtrol 
equipment problems arising from the rugged environment of a rocket in flight: the early 
autopilot was placed r«xt to the rocket engine, surrounded by heat and vibration. Mount- 
ings and structures often would anpllfV the vibration by resonance, and we learned a great 
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Fig. 11 

Early Weapons System Version of Corporal, With Handling 
Equipment, White Sands Missile Flange 

deal about environmental testing and the design of sturdy and reliable equipment, not only 
for the missile Itself but for the cotiplex ground equipment which must operate in the field 
as well. Ihis special technology was to have inportant inpllcations for space exploration, 
of course. 

By 1953 the Corporal system was ready to be tested in tactical conditions. A 
sketch of the launch area in the field is given in Figure 12, and a natui-al view is shown 
in Figure 13. Tfero industrial flirnis, the Firestone Tire and Ribber Coipany for the missile, 
and Gllfllian Brothers, Ira:., for the guidance system, had begun limited production. We 
had already launched seme forty missiles at White Sands in the course of experimental and 
development testing. Accordingly, the Amy began a long series of field test firings, 
while we continuei development flights at a rate which reacFred oriC a week over an extended 
period. A small JT! ccxitlngent had taken up permanent residence at White Sands by this 
time, and a inuch larger group spent a great deal of time there. Although JPL Involvement 
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in Corporal continued at a vigorous pace, l^rom the point or view or statistical testing, 

technical advice and training for the military, cooperation with the Industrial production 
engineers , and advanced developasnt , tte development was essentially canpleted . 

At about this time. Corporal's successor entered the picture. Iji January 1953 > 
Aiw Ordnance asked us to Investigate the feasibility of an iaproved solid-prcpellant mls- 


of replacing the caiplex llquld-propellant povrerplant with a one-piece solid motor were 





Ccrporal Ifetctical Fleld-Ttest kcvw^&amk at White Sands 


obvious, especially not# that the raotor evolved ttxm the Sergeant test vehicle of 19^18— «9 
via the Hermes RV-A~10, had been perfected. But this simple and «slly-handled propulslm 
sysbam offered c»» large prdblfisa to the guidame designer*— it couM not be simply shot off 
with tte closing of a valve. In addition, it provided a challer^ to the electronics 
packagere in the form of a new and strcsiger vibration envlrontitent. Still another problen 
fac«3 the guldanje er^ineers: the missile had to be ismsm, or nearly so, to radio inter- 
ference ard Jatanlng, *The obvious solution to this was to remove the gmind link and pro- 
gms the fsisslle to cantwl itself internally, ming. Inertial data. In 1953 this solution 
appeared lamtlsfajtory hxm the point of view of costs, reliability srd accumcy. te a 
result, m worted m an essentially noise-free and Jan-proof cotiairileatlais link: for tte 
radio ©ildance system. 

Tte ba»flta of all m had leartwd In the Corporal develosfflent mve JVeely 




conmunicatlcMTS links were simplified to one up and one down fran the missile, with com- 
mand, telemetry, and doppler tracking all gathered into one loc^jed circuit. 'D?anslstar- 
Ized electronics were a part of the Sextant design from the start, vdxlle Corporal telem- 
etry had had, for exai^ile. to be "updated” with such circuits. New equipment packaging, 
in Which the subsystem units took the form of nearly solid blocks, in which the chassis 
were hollowed-out shells rather than flimsy Internal skeletons, reduced our worries about 
vibration. Automatic checkout equipment rapidly verified the I'eadiness of all. circuits 
for launch. 

Ihe major guidance problem, velocity control, was solved when the JPL system 
design grotp develc^jed a set of aerodynamic drag brakes (Figure j.^). Oeratlng rather 
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Sergeant Range-Control System 
(Prom U.S. Patent 3,188,958) 
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nice the blades of a camera shutter, the brakes reduced the velocity to the i?eqali'ed 

value. FU^t-tested, the deslgi proved as slnple and precise -as the shutoff \ es vdilch 
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perfonned the corresponding function on the liquid propellant Corporal. 

Yet a fundamental debate still remained on the central Issue of seor , .-generation 
missile guidance. Ihose of us with Corpcrsd ejqperience advocated contlnulnf ti-je prin- 
ciple of keeping the major computing f.jictlon on the grovid, and using the missile-ground 
link as the accurate reference-measuring syst«n. We felt that all-lnertial guidance 
schemes, then being develc^)ed for early ICBM programs, would be too massive and expen- 
sive for Sergeant. But Army Ordinance i the field forces favored the invulnerability 
and slupUcity of this mode, and authorized parallel developments, with support from 
Industrial ccaitractore, of aLLl-lnertial and radlo-inertlauL guidance systans for Servant. 

In a relatively short time. Bob Parks, with John Scull and other JPL Colleagues, came 
up with a highly acceptable small stable platform for the Sergeant. Althou^ the advanced 
ground-batjod guidance derived from Corporal was somewhat more accurate, it could not match 
the Inertial design for field slirpllcity and freedom from radio interference. In 1955, 
the liTTtlal Systran was formally selecteo. 

The Sergeant missile system development went forward at a more re^ld pace than 
Corporal, partly because of the slitpUcity and excellent performrnce of its powerplant, 
but mostly because both the engineers and soldiers were building upon the Corporsil exper- 
ience. Less than three dozen Sergeants were test flown at White Sands (Figure 15), con- 
pared with over caie hundred Corporals; both JPL and the Army had learned how to handle 
guided mi.ssiles and test firings smoothly, and had flown certain crucial Servant experi- 
ments as passengers aboard earlier Corporals. Finally, Corporal had taught us how best to 
use industrial collaboration. ^Hie engineering firm vdilch would build Sergeant, a new 
division of the old ^jeny Gyroscope Conpany I had visited on try first trip out of JPL a 
decade before. Joined as co-conti?actor during Sergeant's development. 

Cne minor missile-system project of the early 1950s deser-ves mention at this 
point, for it served as a solid- propellant research focus and a Ccise study in missile 
development. Project Lokl began as an attenpt to adapt the World War II Gjiman Taifun 
antiaircraft rocket technology. This rather small unguided projectile vas developed for 
some time using the liquid-propellant desl©! of the original before the Army asked us to 
study it in the solid-propellant mode early In 1951. Ihe rocket booster was about six 
feet long, three Inches in diameter, and Joined to a ballistic dail; about the size of the 
handle of a brocm. It was spin-stabilized. For R&D purposes, the dart contained a track- 
ing beeicon and telemetry set. Designed for targets at ii0,000 ft. altitude, the missile 
reachea an acceleration of over lOOg' after being launched from a long tube (Figure 16). 
Althougi we could build individual rounds precisely enough to achieve t-he necessary accu- 
racy, the mass-produced version fell somevrtiat outside the tar^t circle. About this time 
a military analysis showed that a different awsroach — guided ascent, exenpllfled by 




Fl«. 15 

Se'geant lauich. White Sands 



407 


Nike— was strategically superior to the Loki unguided-volley mode, and the project was 
teivlnated. However, many of the manufactured rockets were later used as small-scale 
sounding rockets and test-vehicle stages, a role In *Mch they served with distinction. 

Uhlle the laboratory appeared to enjoy a greater freeioa of research in the 
earlier research-dominated period of rocket and guided-missile experimentation than in the 
CJorporal-Sergeant missile engineering phase of the 1950s (see Ihble 2 ) , the diffeirence is 
partly illusory. Fbr rxte thing, JPL was growing at a rapid rate throughout this period, 
and the expansion of missile development was not at the expense of reserach activity; in 
fact the two components grew together. For another, missile ctevelc^xnent produced new 
classes of research problems, of which elastic properties and teleconnunlcatlons are two 
inportant exanples. Ihe ultimate positive effect of missile development on applied 
science was almost a case of serendipity rather than technological detennlnlsm, and repre- 
sents the major theme of ny memoir: the missile contributed ntich of the technology for, as 
well as the lnpulse towards, the practical science of astronautics. 

It is cxily with hindsight that we can see the endoryo of the spacecraft within 
the body of guided-missile developments in the early 1950s. At the time, in a project 
seise, we were oriented toward the practical problans at hand, even thou^ the advances in 
technology had far-ranging ImpHcaticns, some of them as obvious as rocket propulsion and 
others as subtle as ground-based guidance. In addition, the practice in system integra- 
tion and envirormental testing that the missile projects afforded us wculd sliiplify the 
development of ^»ce systems. But throughout this period, fixm the Inception of the 
Corporal to the temlnation of the Loki, the seeds of space eigiloration wer<=» germinating; 
in the middle of the 1950s they began to grow. We at JPL became involved in “he proposal, 
and then in the develcpment, of a space vehicle. 

IV. TOWARD SPACE 

JPL’s formal activities directed toward space exploration began almost imne- 

dlately following World War II. Fiwik Mallna has described the origin and early success 
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of W&c Corporal as a sounding rocket, and I have alluded to its role in the Corporal 
technology- At about the tiine the first Vfeic vehicles were reaching toward ”extirenie alti- 
tude,” JPL received a U-S. Navy contract to study the problem of orbiting a satellite. 

Ihis activity had Its origins in the Navy Bureau of Aeronautics In mld-19^5, vdiere the 
satellite mission, inspired by review of the V-2 development, was studied and considered 
for scientific, conmunications, and cartographic roles. Ihe launch mode in this study was 

a single-stage rocket using J^ydrogen and oxygen; Robert Haviland and Harvey Hall were its 
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most enthusiastic Chatrplons. JPL’s involvement took the form of a technical review and 
conflmatlon of the Navy’s calculations, ard was conducted by the Research Analysis Sec- 
tion under Homer J. Stewart’s direction. Stewart and his colleagues concluded that the 
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sin^e-stage mode was feasible but nargiml for a successful satellite mission, while 
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nultiple rocket stages would be preferable. With a soineidiat adverse teclrlcal Judge- 
ment, and the difficulty of finding a proper military mission for the project, these early 
satellite studies gradually faded away, but the potential of military rocketry in the 
service of experimental science did not. 

About sixty V-2 roctets had be«i brought fbom Europe to the U.S., and test- 

firings of these missiles began at liftilte Sands in 19^6. Ihe opportunity to fly scle>^tific 

payloads in these big birds was quickly seized, and an interagency group, urtiich soon 

became the upper Atmo^here Rocket Research Panel under James Van Allen's leadisrshlp, 

began to coordinate this woric. I served on this panel, «dd.ch evoitually became the Rocket 

and Satellite Research Panel during the IGY. The Jet Propulsion laboratory also to<^ an 

early hand in the pronotlcm and diffusion of uK>«vatmosphere and "space" science. In 

ndd-lhrch 1946 we organized a sunposlun csi Guided ffissiles and The l^iper Atmo^here at 

Caltech, gathering scientists and engineers ftrcm university, industrial, and government 

labaratorles to discuss hlgrt-speed aerodynamics, missile launching, the {^slcs of the 
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ui^ier atmosidiere, and {problems in ccnfcustlon and gas dynamics. 

This synposlun, which heard thirty-six papers plus a siqpplementary discussion on 
igper-air eiqierlmaits, was a prime exanple of the mixing process I have outlined. First 
of all it was an o^^portunity for many of those engaged in rocket development and its 
applied sciorices, internal and external, to conpare notes across a technical field flxm 
smokeless powder to siqper-aerodynamlcs — probably for tte first time on such a scale. 

Second, and pertaps more Inportant, it brou^t this broad population of rocket technolo- 
gists into contact with an equally broad spectrun of potential scientific users, from the 
astronomer tu the meteorologist. As an institutional mixer, the synposlum was equally 
effective: JPL, Caltech, the IMversity of California, and the RAD groips of Southern 
California's aircraft industry were strongly represented, »diile Uie eastern universities, 
various amed-SCTvice research groups, and at least one eastern industidal laboratory were 
also in evidence. The lines of caimunicatlOTi repres«ited and reinforced at this meeting, 
and nalntalned by the Ut>per Atmospha^e panel, continued to be effective in the next decade 
of aerospace growth In the IMted States. 

The value of the rocket to the kinds of experimenters present f?.t this aynposlun, 
and the degree of organizing and planning work remaining to be done, are indicated in a 
publication of mine written In 1947- I wrote: "... it would appear that the design of 
the rockets is not adequately coordinated with the physical research programs to iftilch th^ 
are Intended to apply." The same conclusicxi was expressed in action with the developimit 
of the Wac-based Aerobee by the Afplied Physics Laboratory of Johns Hcpklns, 1946-1949 
(under Navy sponsorship), and of the Naval Research laboratory's Viking (1947-1955). My 
analysis matched desirable research programs and their necessary observational conditions 
against two representative available rockets, Wac and V-2, the research ccnditlons they 
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could provide, and the techilquea they represented—especlally in telemetry, Instrunent 
recovery, and the like. I suggested that extensive coemlc-racLtaticin studies be deferr 
"until a satellite rocket can be produced," but I did not venture to predict that a pa?iod 
of tot years and seven months would be enoi;^. 

The difficulty with the sounding rocket for most atmospheric and space science, 
was the short life of the mission. For meteorloglcal investigations, teLLloon-bome 
Instrumentation was superior. The Wac, for exanple, flashed throucd^ the strata of 
Intof'ert too rs^ldly for sensors to recpc'i ~ for upper-eitino^here j^slcs and astrt^>hys- 
Ics, the duration at trajectory's peak, and our ability then co control the v^cle's 
attitude for instrunent pointing, was marginBl. Parachute recovei'y of the sclenciflc 
payloads was considered rather as a means of supporting the use ox' spectral and photo- 
graiMc instninents than of remaining at altitudes of interest, for the latter were too 
high for a parachute to have helped. Finally, I considered the question of payload weight 
distribution, and It Is Interesting that ny wei^it estimates for fliidit electronics equip- 
ment were apppoximately those used in Ranger and Mariner spacecraft in the early 1960s, 
thou^ of course the development of microcircuits and the great increase In cooplexlty and 
power have balanced each other in this case. The entire payload wel^t of Explorer 1 
totalled less than the 20>lb figure I had allocated for telemeto:*ing alone for the 
research rocket. 

Meantime, in the late 1940s, the two "available" hl{d>-altltude rockets came 
together for the next step towards space exploration. During the early Wac launchings, 
Holger Toftoy, Ft*ank Mallna, and others discussed conblnlng V-2 and Wac as a two-stage 
test vdd.cle. This became the Bimper project In which JPL Joined the General Electric 
Hemes activity, providing Vfac B rockets modified for ^in-stabilized launch at the peak 
of the V-2's traJector 7 (Figure 17). The hlgh-altltude Btcper-Wac flights, which achieved 
a recOTd altitude of 250 miles on February 24, 1949, did not return data from x scientific 
Instrument payload. However they demonstrated the feasibility of rocket staging, and in 
particular that of Joining two existing vehicles to produce a third. The later Bun|)e]>41ac 
launches were devoted to the study of another technical problem, aerodynamics at high 
speed, and thus did not relate to space sciance. 

Project Orblter, «dilch grew into a conpetitlve proposal for a U.S. Satellite 
launch during the International Geophysical Year, resembled the Buiper v^cle in some 
system respects. That Is, existing hardware was to be brought together for a new mission, 
supported a nultlple-agency team grcwlng fhcm roots set in Peenemunde and Pasadaria, 
with a first enpheisls on fli^it demonstration and such simplifying conpromlses as ^In 
stabilization for the upper ctages. 

The Orblter idea originated in mld-1954 at meeting of satellite advocates from 
the Office of Naval Research, the American Rocket Society, the astrc^hysics conmunlty, and 
(in the person of Vfemher voi Braun) the Army Ordnance rocket program. Those in attendance 
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proposed to use a ftedstone Mssile idtesceniant of ?-2) as rtnst sts®e, clusters of JiPL- 

developed Lold solid rsxkets as t|)per stages, and a ll^twelgjht. Inactive satellite pay- 

laad. Etelng tl« next ^ar, this prc^xwed fusion of ¥-2 technolt^, JHL, rocket fc©3hnology, 

and vitiat ms stiH designated as iwer-atiuosphere expar>te»mfeal science want throt^ matr^ 

stages of stirfy and debate. In which JPL participated, mtll In 1955 It was finally' 

rejected by the Defaise DepartEeit In favor of the Ifeval fteearch Laljaratcat^'s %n®uard 
25 

Program. 

Me ware asked to ccament cfi vm Gram’s Bedstca«-Loki Cartdter prqpc^al in 
tovetriber 1®4. Hewer J. Stewart's review, cciipleted ths following %rll, suggested 
replacing the k>kl rocke*™ in the i^pei>«ta^ clusters with aub-ajale Sergeant fflotors, 
Aich we raade arxl used for a variety of tests In the Sergeant missile project. A typical 
cluster of this type is shorn in Figure l8. A more elaborate stijriy of this alternative 
ms corrpleted and released in July 2955.^” 

lip to this point, like the ccanslderation of the laig-range rocket projectile a 
iejade befere, the satellite proposal fM beai dcnilnated by the ix«ket-prc|«l8iari function 
t^y mechaaical~«r«lreering considemtiesns, and was essentially dewid of irestrumantatlat 
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FI?:. 18 

Cluster of 6/3I Scale Sergeant Fx)Oketa Used as Stages .in 

fe--ent.r7 Itest Veiiicle and Erplorer Satellite La'unel'iing Veiilcle 


plaming* Indeed, tte original selentific plmi lad called for optical tracking of an 
inert satellite, a tectoiqae wMch offered useful e'jcpci^rLi'ants and rangiineri a supple- 
mentary methM In Vanguiird project* Ftirther, (M>lter*s lack of stress on Instrumen- 
tation, ccmpared with the Macs! Hesiwch Iabomtoi:'^"*s thor j’jivIi st'aiy of Instinjrentini^ the 

Varigy^jiM satell.lte, was very Influential in the ultimate decision In favor of tie l^itter 
27 

project* 

Ik^fcre ilmt decision flml., fK>wever, we set to w>rk to redress ^:f¥: bal- 

ance* Inst^rarientlr#':; tlicr 0ixiicyice-p^i*O|:.^s)sc^i satelll.te not lrr|x>sstble, or even 

iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 


teclmically difficult. Rather, as in the case of radio telemetry fcr the Private rocket 
veMcles, or guldamse for the early Oypcral, it had been a se<xvKi-<*rder problem, and its 
comMesration had been deferred. &jt it proved quite feasible to adapt tracking and cc»- 
aundcation techndqt«s from practice and research in missile guidance to the satellite. 

Ihe initial study ws part of the revised arbiter prqxjsal offered whm the Vanguard deci- 
sion ms reccrtsidtered in ik«ust and S^tasaber 1955; a mere extensive repsrt, Introducirg 
the name •Ittcrolock," ^:f3eared in MptU 1956.^® 

These satellite studies wae able to dtm>f upon our applied research In guidance 
systems and our gulded-mlssile develppmast wortc In distinct and. valuable ways. First, the 
technical basis of the fUcrolock: i^stem lay In infotmation-theary and radto-frequency 
research crlginal3y related to Jaratalirg ar.l radionnoise problems in missile guidance. Such 
research related equally to the need for tracklrg and caamunicatlng- with a small, low- 
power space prebe. Second, the vlbraticn and acceleraticn arrvlrcnBients expected for 
satellite equipment were comparable to those dteerved in missile testing, especially in 
the LcM missile develcpasant. Third, many of the pndbleras to be considered in the satel- 
lite study were Interdisciplinary and .intersystem, in the same way that problems of guided- 
mlssile development cross these boundaries. It should be noted that Microlock was a one- 
way tracking and comraunlcatiort. system, having, unlike missile guidance, no pp-link to 
send cemraands to the flight vehicle. The system design is glvm in Figure 19, and the 
portable ground site, with interfterometrlc antenna array for satellite use, syppears in 
Figure 20. 

The origirel Microlock study and develcpmmt bad been oriented entirely toward 
the Army Crdnance proposal fer an earth satellite. However, notwithstaMlng the improve- 
ments and contlmed arguments by Amy representatives on its merits, the prc^sal was still 
not accepted by the O.S. Otovemment, and Project Vanguard continued as our I® satellite 
effort. 

Interest and activity in upper-atitDsphere research and instniaentatim had 
led to my serving on Joseph Kaplan^s "Long Playing Rocket" subcararnittee of the Rocketry 
Panel In the Natlcnal Acadetny*s I® committee; John Ttownsend, Milton Rosen and I had 
r«ported m the usefulness of a satellite in the I® program wlthoit advocating any 
clflc project. Whwi the Technical Panel for the Earth Satellite Prtgram was organized by 
the United States I® committee in Oetdber 1955» I was a roettiber, ard proceeded to chair 
the Panel* 8 kfarking Qrcnflp m traddi^ and computatim thrai#K}ut the ter® of the I®, 

Thus, thou#J Involved in JPL’s support of a corapetir® technlcaO. proposal, I was engaged 
in organizing operational support for the Var®jard mlssim. It was part of our task to 
erKJOuragie and coordinate varleaxs efforts. Including intematicnal activities, in coonec- 
tim with observatlcn and tracklr^ statiens for Vanguard. 

The Microlock satellite cc«iiwnieati«5s, though now wlthcxit a satellite mlssicai, 
had further potential. The Jupiter missile project had to solve the problan of 
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Microlock System 




atanospherlc re-«itry at high velcxjlty, and a heat dissipating nose ccaie of the ablation 
type Mas designed for this purpose. Ihls deslgi had to be tested under fli^t conditions — 
that Is, actual reentry In a Icaig-iange ballistic trajectory — as soon as possible. Ihe 
test cone would have to be Instrumaited so that its performance could be telemetered and 
Its flight could be tracked far recovery of the probe. The Aprd.1 1956 Microlock study 
r^xart referred to this alternative possibility for the comiunicatlons system. In fact, 
the test-vdilcle program vas already underway. 

When Project Orblter was terminated in late 1955, it was a fairly mature satel- 
lite system design based partly upcxi the use and adaptation of existing materials IVom 
missile projects. The long-range test mission i?equlred by Jupiter appeared to be very 
similar to tte satellite launch, dlf facing mainly in the lesser energy demand, and of 
ccxirse In the payload. The transfonnation of the Orblter launch vehicle and telemetry 
into a He-Qitry Tfest Vehicle (RTV) would save time and money for the latter and provide at 
least a partial test demonstration of the former. It was a natural evolutlcxi. 

First authorization of the RTV came in S^tenher 1955, after the Orblter satel- 
lite proposal had be«i rejected. FU^t design, laboratory and ground tests, and assanbly 
of the system proceeded on schedule, and one year later the proof-test model was lataiched. 
The Improved sub-scale Sergeant spinning clustered solid-rocket ipper stages, ax.d Micro- 
lock tracking and telemetry performed well, but only an Inert payload was flown over the 
3000-mile trajectory. The second test, the following ffay, carried a 1/10 scale Jupiter 
rxjse cone, but a guidance malfunction precluded Its recovery. On the third test In 
August 1957, all systems performed excellently anci the r»se cone was recovered, validating 
its design for Jiplter and concluding the RTV program with several sets of flight hardware 
left over. 

The successflil orbiting of Sputnik 1 two months later created unprecedeited 
excitement worldwide, and corresponding tension within the Ihited States. Nowhere, I 
think, were feelings so strxang as In the beleaguered Vanguard project, where the normal 
Lps and downs of rocket and Instrument development were now transformed by the press and 
public Into ^ins and losses (mostly the latter) in a global corrpetitlcxi. Among the for- 
mer proponents of Project Orblter, in Washington, Huntsville, and Pasadaia, feelings of 
ftnistratlon also hl^ In view of the recent RTV demonstratlcai, and on occasion tem- 
pers wore thin. It was an enormous relief when the Arw was authorized to proceed with 
Its oft-prcposed satellite development as a backup for Vanguard; I served as coordinator 
for this project with the Technical Panel for the Earth Satellite Pix)gram. 

At the conclusion of the re-entry test program. General Medaris and Wemher von 
Braun had placed all the ljip\)ved Redstone hardware In carefully controlled storage Just 
in case they should be needed. Jack Fi’oehllch, the JPL project manager, had reassigned 
all the one-fifth-scale Sergeant motors from the project to long-term life test, a device 
»Mch had the same result. Ehough Microlock ground sets had been constructed for 
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extensive field testing as well as installation at the Cape for RIV traokir^. But one 
critical elauKit— the satellite Itself-^iad to be created from scratch. Jack Proonllch, 
Homo* Stewart > and I felt strongly that this task was logically the responsibility of the 
laboratory, as it was so Intimately Involved with our connunlcatlons system, our spectrum 
of skills, and our prior work in the Orbiter studies. Ihe von Braun teem, as a part of 
their strong motivation which had carried this cause unflaggingly for three years, and lit 
view of their undeniable skill, felt that they should be re^xsnsible fcr the idule effort. 
Ihe point was settled In favor of the Laboratoiy's participation, in a vigorous meeting 
before Qaieral Medaris,^^ and I think none of the team has since had cause to regret this 
resolution. 

As coordinator for the Itechnical Panel for the Earth Satellite Frogman, I pro- 
posed that the Amy satellite carry Janes Van Alima's cosmic-ray instninent (also flown in 
Vangiard}, which I knew we could readily acconnodate, and Jburice Dtdcln's micrometeorite 
sensors; four taiperature measurements frcm Inside and outside the payload package com- 
pleted the list of telemetry sources. We expected the micrometeorite information and the 
ten|)erature data to be of duel value, helping the Inmediate future desigi of satellite 
equipment as well as adding to scientific krKmledge. Ihe Van Allen experiment had been 
considered one of the hi^v-priority lOf i^jper-atmo^here or q[>ace investigations, a Judge- 
ment hai^Uy confirmed by its bountiful results in several missions. 

We decided to fly two batt«y-powered radio transmitters, each carrying fojr 
standard channels of telanetry, divldii^ »g) the taiperature sensor outputs and those of 
the two ralcroineteorite detectors, and carrying Van Allen’s Gelger-’-ube measurements 
redundantly (Figure 21). Because of limited battery capacity, one transmitter operated at 
high power — fifty milHwatts—for a short time, and the other at only tan milliwatts for 
an expected two months. The hlgi-power signal, vMch was anplltude-modulated, was intended 
to be recoverable by Project Vanguard's Mlnitrack ground stations and the like, but only 
our few MlcTOlock sites were eipected to be able to track the long-life, low-power signal. 

When we were given the go-ahead, we had promised to be ready in 90 days, or by 
early Ftebruary 1958; but scheduling at the Cape Canaveral test range allowed us only a few 
days at the end of January. Unis was Indeed a hectic and busy time: not only had we to 
prepare the satellite, but the Sergeant missile and Jupiter radio-guidance programs were 
also coming to a tnead. 

High winds forced postpcanement of the scheduled launch on January 29, 1958, and 
again the next day. But conditions inproved on January 31 and the countdown carried to 
zero. I nonitored the events ftxm Washington, D.C., in the company with Wemher von Braun, 
James Van Allai, and many frlerjds and colleagues of the lOT conmlttee and the Department 
of Defense. Liftoff came at 10:48 p.m. EST (Figure 22). About five minutes later, Wemher 
turned to me and said, "It's yours now"— the first stage had been separated arvd the hl^ 
^ed cluster ignited. Prom this point, of course, active guidance and Redstone telemetry 
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Mere out out of the system, there was no caiinand link any more, and after the .antenna at 
Antigua Island lost the signal we would not hear from the space probe again until It passed 
over California, an hour and three-quarters afterward. If Indeed It was In orbit. Several 
of us tried rou^ calculations of the fll^it path, unaware, as It turned out, that the 
still-stroi^ Jet stream above the Cape hvl boosted the bird to a hl^^. velocity end apogee, 
and heruse a longer period. Finally, elgit minutes late by our reckoning, the San Qahrlel 
Radio Club near Pasadena, and the Earthquake Valley Mlcrolock site near San Diego, 
California, picked up the algal and called tus. Vfe wure in orbit. 

A few hours later at a r sss confermoce In the main hall of the National Acadeny 
of Sciences, I Joined Wemher von Braun and James Van Alloi, answering questions about the 
Uhited States satellite. It was a turning point for each of us and the organizations we 
represented, peiii^ most of all for the Laboratory and nyself. Ihe event was also sym- 
bolic of the mixing process between engineering and science, between the world and the 
research laboratory, tdilch T have sought to trace througi the dozen postwar yeera of gxwth 
of the Jet ft>opulsion laboratory. Now the process had garm a step further, as I am sure 
Theodore von mbnnAn had expected, both through t)>e I^sian efforts and our own: it had 
mixed rocket technology with the universe, and reduced astiTonautlcs to practice at l£i8t. 
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IHE ASCNOnr STORST: A »Dt)IR^ 
Jos^ Kaplan (USA)^ 


In tbe 20th century, recognition of the Inportance of the {diyslcs and 
chenlstiy of Ue Earth's ifiper atno^)here gave iono^phalc research an Increasingly strong 
theoretical base. Eventually, it paved the way for a broad ^>ectniB of scientific activi- 
ties that are now referred to as ^>ace research, or space science. No history of i^search 
in q)ace can be conplete, I submit, without an account of the part that aeronony played 
in tdie origin of i^pace science, and the role that it has contiiued to play in inter- 
national space developments. In this brief memoir, I hope to locdc very briefly both at 
the past and the future of scientific research in space fl?om the vantage of my personal 
experiences. 

No attanipt will be made here to present a conplete picture of the way in which 
i(XK>E9>heric reseai*ch and aeronony eventually led to research in space; rather, iry account 
will be essentially autobiographical. Such an approach seems warranted because relatively 
few scloltists early recognized the lnirartance of the pAyslcs and chemistry of the Earth's 
vpper atmosphere. Fe»«? still were re^xxisible fcr the truly reneiicable impact that upper 
atmospheric research had upon international cooperation in science in the 1950s. Ihe 
creation of that remariable e nt er p r i se, the International Geophysical Year (IGY), and 
the unprecedented contlnuaticn of space research thereeifter, stems from the same taproot 
as aerc»Qny. 

In a remarkable tribute published an the occasion of Sydney Chapman's eightieth 
birthday,^ there are four short articles, each with the title "lonoi^herlc Physics and 
Amranomy." Hie authors are J.A. Ratcllffe, David R. Bates, M. Nlcolet and W.B. Hanswi.^ 
These four distinguished investigators call attention to the contributions that this 
great scientist made to two of the most exciting parts of what 1 now like to refer to as 
"Astrogeophyslcs." I refer, of course, to two ijiiiortant disciplines, Icxiospheric physics 
and aetxMxny, experimental and theoretical methods for studying the Earth and its 


’’’presented at the Fourth History Synposlum of the International Acadeny of 
Astronautics, Constance, German Federal Republic, October 1970. 

Professor and Chaliman, Department of Ryslcs and Meteorology, UCLA, Chairman, 
U.S. National Ccmnlttee for the IGY, ^btional Acadeny of Sciences. 
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relations to the Sun. With this in mind, I could prqperly call this short manolr, •The 
Astrogpophysics Story*” because more than any other single influ«Tce, the development of 
aeroncmy under the inspiration of Sydney Chapman and a relatively small ©Toup of youiiger 
scientists has been responsible for the remarkable achievements and even more remarkable 
promise of science in space. 

Chaproan^s interest in what is now called aeronomy began in the early 1920s* 
grew considerably in the 1930s, and ccsitinued unabated in the period following World 
War II. It was Chapnan* with the help of a f'?w of us vdio became increasingly active in 
aeroncmy after the end of the war, who support(3d adc^tion of the new name, the Inters 
national Association of Geonagnetism and (lAGA)* for irdiat was previously the 

International Association of Terrestrial Magietism and Electricity. This change was 
announced at the 195^ General Assembly of the International Union of Geodesy and 
Geophysics (lUGG) in Rome* where Chapman was the presiding officer. 

With this change in the name of cxie of the sewn assoclaticais that nade up the 
lUGG* aeroncmy finally found an international home that it has occupied with increasing 
activity and distincticai. I had the privilege of beir^ president of the lAGA fnxa 1957 
to I960, and of the IIKjG rrom 1963'-1967* I also had the pleasure of organizing a 
synposium on the upper atmoi^here at the lUGG General Assembly held in Oslo, Norway, in 
1958. It was ttiere that aeronomy began to come of age. Subsequently, a regular series 
of upper atmosphere synposia have been held on the occasion of each successive lUGG 
General Assembly* and aeronomy has become an increasingly visible and liiportant part of 
the lUGG and has begun to play a sigrdficant role in the activities of the Internrational 
Union of Radio Science (URSI). 

The story of aeronomy, as the reader may have guessed* is lai^ly the story 
of Sydney Chapman's leadership of an ever-growing group of scientists. In additicm to 
his outstanding scientific exairple, he brought these men together in the lAGA* helped 
them develop very lirportant parts of astrogeophysics, and inspired them in many areas of 
international scientific cooperation that exist today in the International Council of 
Scientific Unions (ICSU). I say this because aeronomy was principally responsible for 
the Interest in and eventual great success of the International Geophysical Year and its 
remarkable offspring* science in space. ^ Thus, it was no accident that Sydrey Chapman 
served as the International President of the IGY. It was my honor to be Chairman of the 
U.S. ^fetional Gannlttee for the IGY in the fetional Acadeny of Sciences. The story of 
the IGY and its continuing lirpact on international cooperation in many areas of science 
since 1957 is a drairatic example of the unforeseen effects of imaginative scientific 
efforts. 

To provide future historians with otherwise inaccessible material and guidaixe 
on the unwritten story, I believe that scientists should write more autobiographl.cal notes 
than have normally been custcmary. In this memoir, I should mention briefly my own 



aclenfclflc experiences that have played sone part In the development of astrogeoiAiyBics. 
Itaese Mill be almost entirely restricted to ny role In the steadily increasing esf^msis 
on ledboratory studies of atiso^Aierlc and apace physlcst and to ny related activities in 
the ICSO. 

interest in atnoq]hBric physics really began in 1927 at Princeton university, 
with ny discovery that the g r ee n line of atOBdc oxygm, a prominent feature to both the 
aurora and the airglow, could be observed in the qpectrun of the Leids-^biylelgh afterglow 
of nitrogen. Dils discovery came shortly after NcLermen, also in 1927, had produced an 
oxygen green line In electrical discharges and identified it with the airglow line 
measured by Babcock and with the auroral gree n line. After reading J. C. NcLmran's 
paper I realised that the line I had observed in the nitrogen afterglow was due to traces 
of oxygen that had been present. This accidental discovery led me to further studies 

h 

deliberately directed at an understanding of the qpectra of aurora and airglow. 

At the time of this first observation of the green auroral line of chemi- 
lirndnescenee, I knew practically nothing about either the aurora or the 11^ of the 
nl^it sky, as the airglow was then known, principal Interest involved the production 
and properties of atosdc gases, based on ny thesis on atomic hydrogen, written shortly 
after R. W. Hood had produced atomic hydrogen in electrical discharges. At Princeton I 
studied other atomic gases produced by electrical discharges, exmninlng them outside the 
discharge. I started with further experiments cm atomic hydrogen, but soon turned to 
nitrogen in an attoipt to eiqplain the long-lived afterglow of nitrogen, now knoMi as the 
Lewis-Ray leigh afterglow. 

The fbct that the Lewis-Raylelgh afterglow was a property of nltrogmi, com- 
bined with ny accidental observation of the green line in the afterglow, led me to believe 
strongly that contlxued studies of the afterglow would help «cplain the then Incompletely 
understood ^>ectra of the aurora and the night edrglow. move in 1928 to the IMiverslty 
of California, Los Angeles, brought me into close contact with Babcock and other 
Ht. Wilson astrcmomers, and their interest in the ni^t airglow encouraged me to continue 
ny studies of active nitrogen and its possible relationship to upper atmo^dieric i^^ectra. 
Here, I should mmitlon the 1928 Cario-KEplan hypothesis Silch used both metastable atcxns 
and molecules of nitrogen in an attenpt to explain the Icmg life of the afterglow of 
active nitrogen. None of the metastable atoms or the metastable molecule of nitrog«i 
which were used fay Carlo and nyself to explain the afterglow had ever been directly 
observed in the laboratary; the green line of oxygen was a "forbiddwi line" that cjrlgl- 
nated on a low-lying metastable state of atomic oxygen. The idea of Introducing metastable 
states into the nitrogen afterglow problem reedly came from the discovery of the green 
line excitation referred to earlier. 

During the 1930s I continued studies of active nitrogen that led to the dis- 
coveries of oSier nitrog«i afterglows, and to the direct Identification of metastable 
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nitrogen nolecules and atone In both afterglows and discharges. Ihese studies also led 
me to the identification of forblddoi nitrogen atomic and molecular radiations In auroral 
qpectra. My relatively slnple laboratary studies he^;>ed cormlderably to claruy our 
understanding of the Earth's ui^>er atno^here and at the same time added to our knowledge 
of the atoms and molecules of nltrogoi and ox^en. In my own ndnd at least, I am certain 
these experiments helped me to realize the Importance of the uppmr atmosi^iere as a great 
and conpleac laboratory in which the chemistry and physics of oxjigmi, nltrogmi and hydro- 
gen could be studied. 

Ihe introduction of rockets for scientific purposes In the 1940s led to 
exciting and ra^ld (tevelopments In aeronony.^ Nearly all that we had learned before 
Instrunented rockets became available was subject to changes that this new tool made 
possible. We could now look at the Sur. without the Interference of the Ehrth's atmos- 
fdiere, and we could study tdie hl^ atmo^here directly. 

M/ role in these post-war developments. In the second half of the forties and 
the early fifties, helped stimulate interest In the i 4 ^r atmo^hmre. However, I also 
trained a number of outstanding students, some of iidxxn have distinguished themselves In 
atrao^herlc and space research. In addltlcxi, I found myself In a strcxig position to 
develop si^iport for the then relatively expensive rocket experiments, and In this way to 
move into the great period of rocket and ^lace studies that occurred during the IGY.^ 

I have no doubts regarding the quality and quantity of exciting scientific results that 
will come to mankind as a result of the Initiation of the ^>ace program during the IGY. 

Fart of the citation for the Hod^dns Medal and Prize of the Smithsonian 
Institution, tdilch I shared In 1965 with S. Chapman and M. Hlcolet, stated that the award 
was given for ccsitlnilng effort in making and in^lrlng laboratory experiments directed 
at understanding the observed radlatlois from the i^iper atmo^here, anticipating the sig- 
nificance of ^>ace research, major ccxitrlbutlons to the InteiDatlcxial Geophysical Year, 
and enthusiastic support of International geophysical research. I mention this only 
because It Is very unlikely that the award would have come to me had I not acclctentally 
produced the green auroral line in chemlliminescence many years before. 

I submit strongly that as Important as the scientific parts of the aeronony 
story may be, the social, political and economic aspects of aeronomy, Icxxjspheric physics, 
solar-terrestrial relationships, and science In space may be far more significant histori- 
cally. Scientists nust learn to tell the story their discoveries hold for society If 
sig^rt for making accidental discoveries In AindamentEil e}q>erimentatl0n Is to ccxitlnue. 

part In the aeronony story Is but one of many exanples of the significance of such 
unfoi?eseen discoveries. 
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HHE VIKINQ ROCKET: A MEMOIR^ 
Mlltai W. Rosen (USA)"^ 


Quite oftaii history is a matter of recollection! based upon unorganized 
doccraentSi raeDcranda, euid recalled conversations— sane more or less relevant. In the 
present case, that of the Viking rocket » we are fortunate in having two sources written 
at the time the events were occurring. The first is the conplete set of Naval Research 
Labco?atary ()®L) Rocket Research reports that describe in technical and chronological 
detail the histories of each of the tai Viking rockets— their design, instrumentation, 
the course of field operations, and the subse(;pient analysis of results. The second 
source is my book The Viking Rocket Story , ttiat covers the same ground, but in less 
technical and more readable prose. Although it speaks about rockets, the book deals 
primarily with people — the men bui''*', tested, and launched the rockets, whose 

worries, fears and frustratlcns are portrayed alorg with their joys and tirLimf^s. 

In most cases I will let the sources speak for themselves, quoting directly 
where possible, but interpolating some present thoughts vdien desirable in the interest 
of clarity. The story of Viking is best told throu^ its launchlrgs, and I have chosei 
four of the twelve total. These four Include the first one, the beginning, so to speak; 
the fourth, a launching at sea in the mld-Paciflc; the ei^tth, scmetlmes referred to as 
the hlgh-altitude static; and the tenth or last of the original series. Sumary per- 
fonnance data on all twelve Vikings £^>pears in Thbles I and II at the aid of this paper. 

The launchings took place (except for the Pacific Ocean) at the White Sands 
Proving Ground, an Army testing installation In a remote, des«?t locatlcxi in Southern 
New Mexico. The Proving Ground cecities a natural basin (the TUlarosa Basin) ringed by 
mountains; the basin is about 50 miles across and ICO miles long, roughly the size of the 
state of Vennont. 


^Presented at the Sixth History of Astronautics Synposlun, Intemati(»ial 
Academy of Astronautics, Vienna, Austria, October 1972. 

Secretary, Space Science Board of the National Academy of Sciences, 
Waishington, D. C. 


Principal authors: Milton W. Rosen, James M. ETldger, and Alton E. Jones. 
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But now to the story, quoting first ft?cm the Naval Research laboratory r^xirt 
(XI the first Viking flight test. 

On May 3, 19^9, the first Viking rocket launching and fli^t was achieved at 
VBiite Sands Proving Ground, New Mexico, idiere the rocket reached a peak altitude 
of 50 miles. Ihe Viking, foiroerly kno»n under the name Neptune, was originally 
conceived by NRL scientists as a v^ilcle fca* carrying research Instrunaits Into 
the i 4 ^)er atmosphere. For several years, the V-2 roctet has been used f<a* this 
purpose with considerable success. But the si 4 >ply of V-2's is limited and as a 
vehicle for research the V-2 has certain disadvantages with r^ard to payload 
flexibility and stability in fli^t. In sponsoring Viking's developroait the 
Laboratcjry's purpose is two-fold; to obtain an Improved vehicle for the con- 
tinuance of upper-air research and to advance the rocket art In the United States. 
Ihe develc^xnent program encorfasses the design, fabrication and laiuichlng of 
ten Vikings of which each rocket is an Improvement over its predecessca*. 

The field cperatlor*'. Include one or more static firings of each assembled rocket, 
afta* which the flight :'lrlng is conducted. Uie program is so devised that the 
experience joined frcra each rocket contributes to the design of the next and all 
other succeeding rockets of the series. 

Ascription of the nxiket . llie VlMng is a hl^ altitude sounding rocket 

designed to carry a 500 pound Instnanent payload to altitudes of about 

100 miles In nearly vertical fll^t. Hie vdilcle Is a ccxiical tipped cylinder, 

45 feet in length and 32 inches in diameter. Four sw^t-back fins (totsil span, 

9 feet and 2 1/2 inches) are spaced equidistant ly around the aft end of the 
cylinder. Ihe weight at takeoff is about 10,000 pounds Including 7,000 pounds 
of propellants. 

Propulsive force is obtained IVom a 20,000 pound (sea level) thrust rocket 
engine. Hie rocket propellants, liquid Dxyg«i and ethyl alcohol, are fed to 
the engine by means of a turbopump. Hie turbine is driven by steam obtained 
fTCTi the decoraposltion jf hydrop;en p«?oxlde. Nitrogen gas is used for 
pressurizing the pump and rocket propellant tanks, for actuating pneunatlc 
controls, and for coast ing-fli#it stabilization. During powered fllglr; the 
vehicle is stabilized in pitch, yaw and roll by means of internal controls. 

Error signals from gyro pick-offs are dlfferaitlated, amplified, and fed to 
solenoid-controlled hydraulic valves. For pitch and yaw corrections, these 
valves control hydraulic servos which rotate tlie glmbal-mounted thrust unit 
alxxit either or both of two axes. Roll correction is obtained by diverting 
turbine exhaust steam through ports on two opposite fins and by meaas of trim 
tabs. Hie roll hydraulic valves control the position of steam deflectors vdilch 
are mechanically linked to trim tabs on the same two fins. 

After burnings' end the error sensing system is switched to control an array of 
gas Jets. Hiese Jeus provide correcting moments in pitch, yaw, and roll to 
remove error moro«its Intrxxluced at or after burning's end. Hils post-cutoff 
stabilization system operates for about the first 20 seconds of coasting flight. 
(Later versions of Viking incorporated an active coeisting flight control system, 
using steam Jets that operated during all of coasting flight to stabilize the 
vehicle In pitch, yaw and roll. Hie steam was obtained fVcm decon^xisltlon of 
hydrogen peroxide. ) 

Hie rocket Is serviced with ethyl alcohol, hydrogen peroxide, and llcjuld oxygen, 
in the order mentioned. Hien the gas storage sphere Is charged with nitrogen 
to a pressure of 3400 pslg. Hie final operations are conducted frcm two remote 
panels Installed In the blockhouse at White Sands Proving Ground. Hie gyros are 
nulled and the thrust unit is centered fl?om the controls panel. Hie propellant 
tanks are pressurized and the rocket Is fired from the firing desk. 
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In anticipation of the exteisive field operations required for launchings of ten 
Vikings, a rocket servicing crew was fanned at the Martin Ocnpany (the rocket's 
builder) in May 19^8. 'Rte crew was ccnnposed of engineers and technicians, eight 
Atobd the Martin Oonpany, three Aram the Naval Research labcratoz^ and ant Aram 
Reaction Motors (the origine builder) . [Note that the la<inchlng crew consisted 
of only twelve people, assisted later by some Naval personnel at lilhite Sands.] 

Ihe rocket arrived in New Mexico on January 15, 1949* and was transported to the 
Navy technical area. A receiving inspection was made, components were bench 
tested, .uistallatlons were made and fiinctionEtl tests of the control system and 
power plant were conducted for the remainder of the month. After ccnpletlcxi of 
a han^o* pre-flight test, the rocket was traady for transportaticxi to the launch- 
ing area. 

On February 28, the roctet was erected in the launching area in preparatixai for 
a static firing. Ihe static firing of a Viking is an operational test in »dilch 
the completely assembled rocket is fired and the perfotmance of the various sys- 
tems and conponents are measured using the flight telemetering system. Ihe 
rocket is secured to the launching stand by bolts vdiich migage the support pads 
CXI the fins. Tenporary piping attached to the launch stand is used to spnay 
carbon dioxide and water Into the tall section in case of fire. Ihe normal 
duration of a static fixing is 30 seconds, about tdilch time the rocket should 
cut itself off throu^ operation of an alcohol low-level sensor. However, an 
emergency shut-down can be made Aram the firing panel in the blockhouse. 

I will not continue the harrowing story of the long series of attempts to static 
fire and fllf^it test the first Vikli^. Suffice it to say that this operation continued 
over a ^>an of two monthis during which various parts of the rocket either failed or 
refused to oparate properly. The most notorious of these bad performers were the valves 
used to vent oxygen Aram the rocket propellant tank. These valves had the annoying 
propejrty of Araezlng in the cp«i position so that they could not be closed in prqaration 
for a filing. This nalAincticn craonjrred repeatedly, despite i>eplacement of the valves 
and redesigi in the field. Vfe pick up the story on Ifey 3 after the static firing and In 
preparation for the flight, with the vent valves behaving in characteristic fashion. 

The first attenpt nn this date was halted at 8:30 in the morning when the vent valves 
failed to close prcperly. Because the weather was becoming progressively worse 
and because there was a possibility that the rocket would have to be returned to 
the hangar if the launching were not ccxxiucted on this date, the ensuing cpera- 
tlons had to be ccxxlucted with rapidity. There was no oppoirtunlty to t(^ off 
oxygen although it was known that the oxygen lev 1 would be reduced by boll-off. 

A series of test operations were quickly conducted in an effort to find a proce 
dure for ensuring closing of the oxygen vent valves. The procedure finally used 
consisted of repeatedly closing and opening the voits prior to pressurization. 

It was, of course, not possible to ke^ the vents pcimanmitly closed because of 
the pressure rise due to oxygoi boll-off. The previously described expedient 
finally resulted In a successful closing of the oxygen vents. The iracl^t was 
pressurized and launched successfully at 0914 Mountedn Standard Time on May 3» 

1948. 

The launching is more graphically related in The Viking Rodwt Story . The 
count-down passed A?om X-mlnus-20-seconds to minus 3 idien the conmand was given to fire. 
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The plug dropped, steam shot out of the turbine exhaust, che whole rocket 
shuiUered, and thai slowly, majestically, rose up frcxn the launching stand 
as Its long, fiery Jet played \xpan the ground. 

Takeoff! 

We could no longer see It the blockhouse, but we could hear it roaring 
overhead — and each of us prayed for It to keep burning. Sixty-five seconds, the 
roost we could hope for with our oxygai low, ml^t get us close to a hundred miles. 
The seconds ticked away slowly and then suddenly, much too early — ^burning's «id. 
What was It— fifty-three, fifty-four, perhaps fifty-five seconds? The time was 
very uncertain. The vital numbers started coming over the phone from C Statical. 
Altitude at burning’s end - 17 miles, velocity - 3,300 feet per seccxid, time to 
peak - 160 seconds, peak altitude - 51 miles. I was disappointed, and so were 
the others, at first. We felt better when we heard the remarks from C Station. 

Good fllf^tl . . . Straight t?> the middle of the range! Plfty-one miles - damn 
good for a first rocke'. : 

We filed out of the blockhouse, all of us except Pres Layton, who was slumped 
over the firing desk, exhausted, we walked out to the launching stand and stood 
around it. It was still warn. One of the crew looked up and said, "I can't 
believe it's gone. I can still see it standlnt, there." 

We centime this Viking history with an account of the shipboard launching as related in 
the NRL Rocket Research report. 

On May 11, 1950, Viking Rocket Ifo. 4 was launched Trcm the USS NORTON SOUND at 
the equator in the Pacific Ocean. This rocket reached an altitude of 105 miles 
with a 900-pound payload of instruments designed to study coanlc radiation and 
atmospheric pressure. Early in the program, NPtti was requested to deslgo the 
Viking to test methods of launching large, stabilized rockets from shipboard. 

In August 19^9, the laboratory requested use of the NCRTON SOUND to fire a V'Jclng 
at sea on or about May 10, 1950. The Qilef of Naval Operations approved this 
iequest and initiated "Project Reach" for the launching of an upper-atmosphere 
research vehicle for the study of coanic radlatlai at the equator, and gaining 
practical experience in the shipboard handling, launching and tracking of large 
bembardment-type miss' 'o. The ensuing preparations, vdilch occupied a period of 
seven months, culminated in the first successful firing and fll^ at sea of a 
large stabilized rocket. 

The first three Viklr^ were fired at the White Sands Proving Ground in New Mexico. 
Although the hi^iest sdtltude was 50 miles, the perfonnance of each of these 
models was sufficiently good to demonstrate the soundness to the rocket’s basic 
design. Static firings of each fUlly-assembled rocket were conducted at 
White Sands prior to the flights. Fhll use of tl 'ehicle for carrying ifl^per- 
atmosphere Instruments was initiated in Viking 3 vMch was devoted to cosmic-ray 
research, solar spectroscopy, and atanospherlc pressure measurements. 

Early in the Viking program, both scientific and military interest were evinced 
in the firing of a large rocket from shipboard. The feasibility of such a ship- 
board launching was demonstrated idien a V-2 was fired from the USS MHWAY in 
September 19^7. The principal scieitiflc value of shipboard launchings is to 
extend widely the areas over vdilch atmospheric studies can Le made. Prom 19^6 
until 19^9 the rocket upper-air research program in the United States was con- 
fined to the White Sands, New Mexico ai^. Although a great deal more remains 
to be done at White Sands, it is essential that studies be made at minerous 
geographical locations. For exan?>le, in the case of coanlc radiation. 
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geotia®Tetlc latitude Is inportant, since t*ie ability of the earth’s raasietlc 
field to deflect an Incoming particle depoids In part the magnetic field 
dlreculon, which vazd.es with geomagnetic latitude. In esse ce, the eazth's 
magnetic field perfonns a geogrG^hlcal sortlxig* In accordance with coenlc ray 
energies. 

Ihe m 'ltary .alue of firing a large rocket at see. Is Innedlately ai^>arent. 

Because of the ship's mobility, the launching area Is extended to Include all 
accessible waters, and thus to the range of the missile there Is added the 
range of the ship. [Bear In mind that this was written about ten years before 
the first launching of a Polaris missile from a naval vessel.] 

Ihe davy D^)artmimit In 1947, designated the USS NORTC^ SCXJND as a facility for 
the evaluation of guided missiles and as a mobile launching site for scientific 
Investigations requiring specific geographic locations. Previously, a seaplane 
tenda?, the SCXJND was converged to an eiqjerlmental guided-mlsslle ^ilp in 

the sunner of 19^8. Also In 19^8, NRL Issued a report that Isdd the plans for a 
shipboard launching. Ihe report dealt with hzrdllng and launching problems, 
telemetry, tracking and recovery of rocket-bon» equlcr:ent, and also pointed out 
the necessity of several land-based firings before acten^tlng a Viking launching 
at sea. Ihe performance of Viking No. 1, however, wa^ sufficiently good to 
enable the laboratory to propose the 4th Viking as the Aretucle for the shlpboazxl 
launching. 

Tlie significant dlffer«ice In a shipboard flrl;g arose from the motions of the 
ship, its pitch and roll, that could be a problem In the separatlcai of the- rocket vehicle 
at launching. Ihe deslgi of the launcher was critical, hence, we chose a simple, fixed 
mechanism: a pair of rails aligned vertically at one side of the rocket. Tv© sets of 
rollers, one set at the vehicle's aft em, the other set 10 feet forward of the aft ed, 
engaged the rails and constrained the rocket to move with the ship until its ascoit had 
fVeed it ftom the railway. 

IWo dunny Viking missiles were built In order to test the launching technique 
frior to the firing of Viking 4. Fach duncy duplicated the live rocket In the essential 
features required for the launch test. Externally, Ic was nearly identical, using the 
. ,gular tall and tank section skins. Internally, duplication of the actual rocket ceased. 
Ihe dunmy missile was powered by a solid propellant JAIIO idilch produced an average thrust 
of 5700 pounds fca* 3*5 seconds. Uie JATO bottle was cocked at an angle from the missile's 
aucls In order to carry It away from the shlp~about 400 feet at impact. The gross weight 
of the dunniy was made proport.tonal to the thrust, so as to produce the same acceleration 
and velocity In the tower ais those of the actual Viking. 

Ihe first dunmy missile was fired In the Santa Barbara Channel off the coast of 
California two weeks before the NORIW SOUND sailed c»i the expedition to the mld-Paclflc. 
Ihe firing had been delayed several days in the search for sea conditions producing ship's 
motion?; of sufficient amplitude. The Idea was to fire the dunmy missile at the worst 
possible momen'^ In the ship's roll cycle so as to produce the most severe "tip-off." 

Then the live Viking would be fired at the most favorable time In the ship's motion and 
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WDUld be assured a safe separatiesn. "nte dummy was fired succersftilly and confirmed the 
calculations of '’tip-off” due to ship’s motions. 

Uie fJCriatW SOUND sailed lYora Port HueneR« on April 26, 1950, and '.s joined by 


of two vessels fcten proceeded, over a period of 10 days, to the launching area at tne 
geomagnetic equator in tte vicinity Christmas Island, sawe 2000 miles due south of 
Hawaii. 

The NHL report describes a long ser let >f difficulties and mishaps associated 
with operations at sea. The high taldity of tte tropical night air ms a source of gn 
concern, depositing moisture on lines and eomecfcors and stortlr^ electrical circuits. 
We had to learn how to operate tte rocket's vibration-sensitive control system on a 
continually ncvlng ship, ftevertteless, after several trials Vi'lng v«s launched 
successfully from tte deck of th-® SOT® as it proceeded along the enuator n<Mr 

Christmas Island {figure 1). The dispatch from the ship’s Ciptain to the .'Javy Depai't-tsa 
read: 


SEA-QO.lMl VIKIM3 SETHAI. NUMBER WTffi HEAVY mTIMENT iJOAD LAUNCHED ON 
GHMGNETIC EWATOR 1600 LOCAL TIME EIZV-EmH MY X ALL SCIBWIFIC O&MrnVES 


Official U 


ACaOEVS) MUCH VALUABIf SXFBtlSrB GASQ) NO CASUAUTIES X MAXlMtll AI^mUDE 
106.4 SIWnnE Nn£S more than double PFEVI0U5 VIKDC RB0GRD6 AM) IffiU PEXSRD 
FOR SHIP>LAUNaSD KISSIIE X NAtEUVBCD BEICATH 3/10 CLOUD COVER TO BQLEUair 
ORENDC FOR FLIGHT X OSBOURN AND iSUOCFIBt SUPPORT OFERATIOIS HIGHLI 
SUCCESSFUL X PROGBa)lNQ PEARL X 

On the rrtum trip to Haiall seme 250 manbers of the Viking prefect caaplaoent and the 

ship's crew, who had never before crossed the equator, were initiated into the mysteries 

of the Society of Shell-backs. 

Me rasuae the Viking history with the ffiL r^>ort on Viking 8. 

In the Fan of 1950 MiL and the Nertin Oonijany began considaedng major revisions 
to the Viking rocket in order to extend Its altitude celling. Tlie original 
design requlrenents (500 pounds of payload to 100 miles) had already been exceeded 
by Viking 4, and minor chenges in Vikings 5 and 6 pxail^ to raise the altitude 
ceiling to 125 miles. TW> avenues lay open for further increase: (1) lima'ove- 
raait in specific isfiulse, and (2) ioiiravement in mass ratio. Atteq^s to Increase 
the engine specific impulse witnout major redlsign (principally, by injector 
redesign) bad not been successful, althou^ such isfrovaaent Is certainly possible. 
Ifess ratio had been inprove d continually througii the first seven Vikings. A 
large gain could be made only by a si^iiflcant increase in propellant capacity 
without a corresponding increase in structural weight. Dils was the primary 
purpose of the r^esign. A secondary aim was the rearrangement of power plant 
and control equipment to ijqprove accessibility of the various caipona:its. 

The deslffi changes, originally scheduled for Viking 7, «ier*e achieved too late for 
incorporatiOTi in tltet rocket, tdilch was built to tlie original configuratiwi. It 
achieved a record edtitude of 136 miles. Viking 8, then was the first model of 
the new design. IHe rocket was never brought to the fU^it firing stage. During 
the static firing at White Sands Proving Qraund, coupled vibrations between the 
motor and structure exceeded static load limits and caused the rocket to tear 
lease ft?om the launching stand after 15 seconds of burning. Flying In a static 
firing condition, the rocket continued under power until it was cut off by 
radio at 61 seconds. It reached an altitude of 20,000 feet and landed four 
miles n?on nhe launching site. 

A more graphic description of the evoits surrounding this firing Is taken from The Viking 

Rocket Story : 

As the second hand <ai the large clock swept tbrou#: the last minute before 
X-minus-15» we became quiet. Jim Hartman was at the firing desk, substituting 
for Hardin v*io took over the fire-watcher station and was peering at the rocket 
through binoculars. Mason was at the controls panel; Mumell and I were between 
the two operators a step behind them. At X-minus-15-»:ilnutes Hart’-an turned 
master power and Mason switched the gyros to erect. When after c •' minutes the 
gyro meters did not come to zero. Mason requested perroisslOTi to er^ct the gyros 
from the panel controls. Hinnell assorted. TMs procedure left sane uncertainty 
about the true position of the gyros, a condition that would never be tolerated 
for a flight, but could be accepted on static. The count proceeded without a 
hold. At X-minus-l-ralnute the rocket was pressurized. Munnell, Hardin, and I 
hurg over Jim Hartman at the firing desk ais the m-^ter needles swung up, vavered 
and then stood still. 

Forty- five seconds . . . Hardin nodded to Munnell, indicating that he was satis- 
fied with the pressure levels. Ed flicked on his green light. The rocket was 
cleai’ed for firing. 
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nilrty-flve seconls ... I turned to the teleneter men and called for recorders. 
Ihe work was relayed to the teleneter house seven miles uprange. We waited. 

IWenty-five seconds . . . Hie ansiier cane back. Reorders were on. lieutenant 
Cooper, the Navy project officer, started the count dom in a hushed voice. 

Twenty, nineteen, ei^teen, seventeen . . . 

Twelve, eleven, ten, nine . . . the ready lights were all green. 

Five, four, three, two . . . Fire! 

Igniter on . . . plug drop . . . fire li^dit . . . the motor had started. At plus 
four seconds, the firing panel meters wavered and dropped to lower levels. I 
looked at Ed to see if he bad noticed it. He had and was glancing alternately 
at the panel meters and the rocket. At nine seconds we heard a dull throwing 
sound In the jet blast. The thou^ flashed ttrou^ ny mind: Should we cut it 
or let it run longer to get enough tloe on tho record? How long was enougdi? 

At thirteen seconds the rocket started heaving almost Isperceptibly. Then 
without warning, before our horrified eyes, it tore loose from the stand and 
started slowly to rise. Me saw the tubes and cables that were connected to the 
rocket for static test snap one one as the tail moved upward out of our sight. 
A great cloud of dust billowed toward us as t''.e mlfdity roar of a flying rocket 
bore ckiwn ig)on the blockhouse roof. 

Takeoff! The rocket has broken loose! The rocket is flying! The alarming 
words flashed out from the blockhouse. At the telemeter station the men 
dashed up to the roof to start training their antennas which had been lashed 
down for the static. 

Plus twenty-five seconds ... Nat Wagner yelled at me across the blockhouse, 
"Shall we cut it?" 

As the seccnds sllKJed away I pc*ida?ed this deadly question. The rocket was 
lost, with only half a tank of alcohol it could not go far, not possibly leave 
the rar^. If we cut It too early, it might fsill on one of the installaticsis 
close to the launching area. 

"No!" I shouted back. "Don't cut it. You don't know where the rocket is!" 

Thirty-five seconds . . . flat and I were staring at each other across the block- 
houf 2 . I knew he wanted to stop the rocket and I felt it would be a mistake. 
There was no time to explain the caiditions - a tank half full to start, fifteen 
seconds of fuel burned on the ground. 

Fifty-five seccMXis . . . "Vfe're going to cut it," Nat announced. He pressed the 
button. We waited In silence, not knowing udietha* he had stepped the rocket or 
whether it had cut itself off previously. Vfe had ceased to hear its sound maiiy 
secmls before. 

Finally, at 120 seconds, we heard a muffled e:q)loslon. We looked at each other; 
ttet must be lnpact. We rushed out of the blockhouse and scarred the horizon. 

Tb the southeast we saw a gray raushroon of smoke rising slowly against the pale, 
blue sky. We estimated its distance as four or five miles. I walked toward the 
launchlr^ stand. The two tie-down blocks frcm the rocket were still in place, 
bolted to the crossbeams of the stand. Attached to the blocks were a few scraps 
of structure that tad been tom fron the rocket when it broke loose. The two 
shiny stubs of fliunlnum pointed i^jward, silent evidence of the rocket's awful 
power. 
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Returning to the NRL rocket research r^x>rt we quote as follows: 

Ihe destruction of Viking 8 can be attributed to a combination of factors. Of 
primary Inportance was the failure to shut off the power plant before the rocket 
had broken loose. Althou^ cutoff could have been effected at any time prior 
to 14 seconds of burning, no action was taken to initiate it. If, in the H^it 
of foregoing paragrc^hs, it a|!^>ears incredible that no action was takai, it 
should be remembered that 4 to 6 months are required to assenfi)le and analyze 
the data presented in this report, whoi'eas the firing crew had 5 to 8 seconds 
in which to recognize the sltuatiai, to evaluate it, and to take apprcp^iate 
action. The mistake in this case arose fVan the fact that Judgment was required 
in order to initiate action. IMer the emergency procedures used in early Viking 
firings, cutoff would have been given at about 5 seconds when gages on the firing 
panel indicated operation at reduced thmst. But during the course of 10 static 
firings without mishap, there was a tendency to relax the rigid onergency proce- 
dures and to rely more on the operator’s Judgnent, since the characteristics of 
the rocket had become better known and the crew more experiaxjed. On Viking 5, 
a low thrust static firing was allowed to run for 30 seconds. It should have 
been realized that, because of the redesign, Vikir^ 3 required the same degree 
of caution as Vikirg 1. 

The decision to restrain the airframe during static firing at two points Instead 
of four was reached early in the desl^ period many months before the firing- 
Subsequent stmctural analyses and static load tests showed this scheme to be 
adequate for nonnal conditions, plus specified factors of safety. That the 
desi^ was inadequate for the atoonnal conditicxis of Viking 8 is now obvious. 

The question of how far to gp in protecting a rocket against abnormal conditions 
has never been answered satisfactorily. Once a specific condltlcxi has occurred, 
corrective action is always taken. But, shcxild an attempt be made to foresee 
and desl@i for as many abnormal conditiois as possible? Increased factors of 
safety are obtained only at the expense of lower perfoimance. One lesson can 
be learned from the Viking 8 experience — for a vehicle that is still in an 
ejcperlmental stage of develc^xient, adequacy alone is not a sufficient criterion. 

This history closes with an account of the laurxjhlng of Viking 10 Introduced as follows 

in the NRL report: 

The 10th Viking, launched from the Naval site at the White Sands Proving 
Grounds, at 10:00 a.m. on May 7, 195^, carried 675 pounds of Instnanents 
to a peak altitude of 136 miles. The first attonpt to fire this rocket cxi 
June 6, 1953» resulted In an explosion and fire which destroyed the ccn&iustion 
cylinder and severely damaged several other power plants and control canponaits. 
The rocket was returned to the contractor’s plant for repair and an ext«islve 
investigation of the nature and causes of the explosion was made. 

A graphic description of this first firing attempt is taken from The Viking Rocket 

Story : 

We were in the blockhouse again, shortly after noon and went through a second 
count down, punctuated by brief holds, the last of vhich occurred at X-minus- 
2-mlnutes. 

"On-the-mark time will be running at X-minus-2-minutes. 

• . . I^k! . . . X-minus-2-minutes.” 
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Hardin put the saifety key In the flzdng desk; uncU this key was engaged the 
rocket could not be pressurized or fired. 

"OoEiing up on. X-ffllnas-l-iDimte . . . Msoicl . . . X-ainus>l-mlnute . . . fifty 
seconds . . . forty-five seconds . . . forty seconds . . . thirty-five seconds 
. . . Recorder onl ... twenty-five seconds . . . Recorders are on! . . . 
Iteenty, nineteen, el^diteen, seventeen . . . 

At ten, Pitts* voice was Joined by the others tdio were relaying the tine In 
iffiison so that the rtnythaic count took on the air of a religious chant. 

"Seven, six, five, four, three, two, one, zero!" 

Hardin pu^ied the flidng switch, the plug drofped from the rocket's nose, 
and the turbine eadimist belched forth a stream of ominous black anoke. 

Suddenly, without warning, in less than a second, a terrific blast smote 
the blocldxjuse as the rocket's tall seemed to disintegrate. White steam, 
orange flames and gleaming metal shot out the tail in an explosion of 
unbelievable violence. Ihen a great ban of flame rose ftron the tail and 
enveloped the rocket. 

"Misfire! Ihe rocket's on fire! No shoot, the rocket is burning." 

When we saw the explosion, I&rdin, without hesitation, threw the firing switch 
to cutoff. Schlecter ordered the carbon dioxide and all water sprays turned on. 
Ihen he turned to Pitts and said, ”1he rocket is out of our ccxitrol. It 
belongs to the firemen now." 

The four giant fog nozzles at the edge of the launching mat, each one pointed 
at the base of the rocket, were turned on. The water came out with agonizing 
slowness, trickling toward the flanlng rocket. VIhen, finally, the full force 
of the ^pray hit 1. tail, a great cloud of steam obliterated the area. 

Joe Pitts in the coiter of the bloddiouse was being bombarded with questions 
and suggestions. His primary concern, and ri^tly so, was the safety of all 
personnel in the inroediate area. Those in the blockhouse could be considered 
safe, as long as they stayed Inside, but th«?e were dozois of people outside, 
several hundred yards ft*an the rocket, some of vdiom, out of curiosity, mi^ 
aqpproach it. 

"All personnel stand clear, stand clear, take cover! The rocket is burning." 
Pitts' words blared forth from the loud^>eakers outside the blockhouse. "All 
personnel stand clear and take cover!" 

I surveyed the situatlcxi and was sick at heart. Schlecter and Pitts had done 
all that could be done; there was nothing left now but waiting. The rocket 
was still standing, 8is if by a miracle, but it would be suicide to approach it. 
Captain Quirk, the Navy coimandlng officer, was in the blockhouse and had set 
a guard on the door - no caie could leave. I saw the firing pit fill up with 
white vapor. Oxygen, I sunnlsed - we must have dunped the whole tankful into 
the pit. But there vere still three tons of Inflanmable alcohol in the tpper 
tank and, worse yet, four hundred pounds of hl^ily explosive peroxide in the 
tail with a fire, now caiflned to the east quadrant, only a few Inches away. 
Surely the peroxide would go up any minute and then edl would be over. I 
looked at ny watch - it was twelve-thirty. 
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Twelve-thirty-tMO. blocldiouse tas a be^ve of excltanent; Icnots of men 
packed at each of the three wlndoHS» watching the rocket, a scant two hundred 
feet away, with a horrified fasclnatlcm. Uie other men were scattered about 
the blockhouse interior, see 'n snail groups, others milling around and 
glancing furtively frtm time time at the small open patches of window space. 

Joe Pitts *es at his rostrum in the center of the room, and was busy receiving 
reports and relaying Informatiai to people all over the range. Now and then. 
Individual voices could be heard above the incessant buzz of conversation. 

"Stand by, no shoot, no shoot. Ihe missile is burning." 

Five hours later the scene is described as follows: 

Five-thirty. Although the fog nozzles and fire hoses had been turned off two 
hours before, the tall was still dripping water Into the pit. Die metal was 
cold, but everyidiere there were signs of the searing heat that had followed the 
ejQjloslon. All the tail access doors, both large and anall, had been rlf^)ed off 
and hurled frem the rocket, seme as far as a hundred feet, large peices of 
skin material were missing, and from the fused edges of the Jagged holes we 
could tell that seme of the metal had been vaporized. Inside the blackaied 
shell there was (mly devastation. Ihe east quadrant was gutted, the controls 
can had ejqiloded, and inside there was a fUs^ mass of metal, wire and glass. 

The fire wall above the motor was dished upward, %d.th a large gaping hole at its 
center. The motor itself was a most horrible si^it. It had been blown apart 
into two pieces; its massive head was Jamned against the glmbal ring, and its 
nozzle hung awkwardly by two alcohol hoses like a brokai Jaw. 

Five-fifty-eight, Ihe sun had dropped behind the Organs and the fctestem c-ky 
was red as we climbed into our vehicles and slowly drove away ftxm the launching 
area. We had been th«?e fourteai hours, a long, unforgettable day that had 
seal us push a button that brought Instant disaster and, final l y, had watched 
a valiant fight to save a crippled machine that meant so much to all of us. As I 
looked back at the white rocket, now sheltered by its gantry framework, I could 
hear the oft-r^ated words, "You’ll never see this rocket fly," 

I resolved tnat scroehew, someday. Viking 10 would fly. 

Ihe rocket was rebuilt, returned to the White Sands Proving Ground and success- 
fully launched almost a year later to peak altitude of 136 miles (Figure 2). It made 
valuable measurements of ipper atmospheric pressure, density, and winds, and determined 
the ion contort of the atmosphere above an altitude of 100 kilometers. 

Frtm the foregoing stories of Viking firings, there emerge seme of its basic 
contributions to the progress of rocket desigi and development. Viking was the first 
large rocket to successfully enploy the glntoalled motor that became a standard feature of 
Thor, Atlas, Titan, and Saturn, and almost every rocket of the last twenty years. We 
suffered with and mastered the pix>blems of instability and vibration in gimballed motor 
systems and adopted the transfer function method of analysis. 

Ihrou^ Viking innovations, the mass ratio (MR) of rocket vehicles was advanced 
to much hi^er levels. Viking spanned the gap between the V-2’s MR of 0.67 and the Ihor- 
Atlas values of 0.9^. Integral tanks, extensive use of alumlnun and magnesium, low 
thrust-to-wel^t ratio — these were some of the measures that ploughed the ground leading 
to hl#i mass ratio. 
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Becmise of its extensive use for tpper air research. Viking had to ctevelc^ a 
oasting-flight stabilization systan consisting of a gpx>-coritrolled array of gas Jets, 
aich a systetn tes been a standard feature of succeeding launch vehicles and spacecraft, 
particularly those intandted for manned flight. 

An unusual feature of the Viking experi«tce is tte small amount of funds am 
matpovrer that were reqraired, Ihe entire Viking develcpnait and Immchlng pi^'isram, extend- 
ing over a period of eight years, cost no more than five minion dollars, and ^sorbed 


urns a necessity— and we trade of necessity a virtue. Will such times ever return to our 
fleM? ^ ^ ^ 
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1955 144 5>900 2 1 SucceaafUl fllglit. Last ndnute hoUa 

almost caused cancellation. 



TABLE II. FLL.'OT TIMES, MOTOR THRUSTS, WEIGHTS (VIKINGS 1 THROUGH 12) 
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F1KM mu^ ISiAND TO ETOJECT MERCURY 
19i»5-1958: A MEMOIR'*’ 

Robert R. Gllruth (USA)*^ 

INTRODUCnON 

Ihe group that created the Mercury concept came largely frcm the old National 
Advlsoay Ccmnlttee for Aeronmitlcs (NACA). Ihe Missile Range at Wallops Island, operated 
by the NACA, was a major factor in the devel<^xnent of this grog), hence the title of this 
paper, Wallops Island to Mercury*" Ihe ccnc^t of the Mercury csfjsule. Indeed, the 
whole plan for putting man in space was remarkable in its elegant sliqpllclty. Yet is was 
a daring and unconmitlonEil £$^n\)ach at the time of its Inc^tlai, and a subject of coi- 
slderable controversy. However, the project demonstrated principles that were so sound 
they were also ^Ued in the design and operatlcn of the Qemlnl and Apollo flight 
progrsDis* 

The period covered by this memoir extaids from the founding of Wallops Island 
as a missile range in May 19^5. through the establlshnent of the Mercury Project in 1958. 

It is a period that saw great change, not mly in science and technology, but also in 
world history. With the advent of the space a^, the old NACA faded away to become *'ASA 
(Natlcwial Aeronautics and ^>ace Administration). Many of the people udio had worked (» 
and developed Wallops Island research projects helped fom the nucleus of the i^»ce Task 
Group, the groi4> that would manage the Mercury Project. Ihey were Joined by others from 
NASa and by i^>eclalists IVcm the Amy, Navy, and Air Force, and also ITom Industry. 

Much ! the early work at Wall(^ Island and in NACA was dene In sigiport of the 
ballistic missile program in the Uhlted States. Had it not been for the ballistic missile 
devel<^xnent effort we would not have h£d the knowledge of remitry bodies, guidance systems, 
or other factors such as the launch rockets themselves that were to make possible manned 
flight in space In such a brief span of time after the space age arrived. *!)» first 

^Presented at the Sixth History Synposium of the Intematlcnal Academy of 
Astronautics, Vienna, Austria, October 1972. 

'*'^Dlrector, NASA Manned Spacecraft Center (Jctfmstai ,5)ace Center), 1961-1972. 
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American astXKxmit orbited the Earth a little over three years after NASA was created. 

Even so, the Soviets were the first to put man in space. Yuri Gagarin in Vostok 1 would 
fly nearly a year earlier than John Glenn in Friendship ?• 

This memoir is based primarily on my own reflections and recollections of this 
period. I have also discussed special events at length with Paul Purser, was ny close 
associate throughout the entire period covered by this manoir, and had recent discussions 
with A1 Eggers and with Max Paget, both of whom played key roles in hi^i-speed aerody- 
namics and also in satellite design. 

In preparing this paper, I have used extensively the History of Wallers Station ,^ 
written by my fonner colleague, Joseph A. Shortal, who succeeded me as head of the Pilot- 
less Aircraft Research Division (PARD). T^iat organizatlcxi operated Wallers Island and 
conducted the research program carried out there. His excellent history gives the com- 
plete story of the development of facilities and techniques used at Wallops Island. In 
particular, I have used many photographs and figures that Shortail collected fran the old 
files at Ijangley Field. 

IHE BIRTH OF THE WALLOPS ISLAND MISSILE RANGE 

The Wallops Island Missile Range was created during the final phases of World 
War II, at a time when the type of warfare and the weapons being used were undergoing rapid 
change. The flight speeds of aircraft were approaching the speed of sound and problems of 
aerodynamic shock waves and carpressibility effects were assuming very serious proportions. 
In other areas, the guided missile had emerged as a major weapon of high potential. *Ihe 
V-1 buzz-bomb was harrassing th^^ London area, and the V-2 rocket had Just made its appear- 
ance. There were other forms of guided missiles in Germany that were playing an increas- 
ingly inportant part in the air war. In the Pacific, the Japanese Kamikaze suicide mis- 
sile, of dread capability with its human guidance system aboard, was very difficult for us 
to cope with and caused much havoc with our naval forces. The Allies had put primary 
effort into the development of siperior aircraft, and the appearance of so many guided 
missiles was a technical surprise. The new Jet engines and rockets opened a wide cp^^trum 
of weapon possibilities, and the newly created atom boirt) made the consequences of all these 
things seem far more serious. 

At this time, the National Advisory Comnlttee for Aeronautics was the principal 
aeronautical research establishment in the United States. It was responsible for aero- 
dynamic research and for other fields of scientific endeavor dedicated to the inprovement 
of aircraft. However, the high speeds of diving aircraft and supersonic missiles had 
overwhelmed NACA, for there were no wind tunnels in its labox’atorles that were enable of 
model testing for aircraft or missiles at airspeeds that approached close to and exceeded 
the speed of sound. In fact, wind tunnels of that time had a blind spot t'nat extended 



through a lAnle speed region around the speed of sound (Mach number 1) due to a choking of 
flow in the test section of the tumel. Ihe NACA had coicentrated .#aiic on subsonic 
aei*odynamics and Its efforts In tte transonic range had been C(Xiflned to studies of shock 
wave-boundary-layer Into^actlcais duzdng the early c»iset of compressible flows. The l^t 
pace of events of the war made It essential to proceed much more rapidly wlch aerodynamic 
research. New techniques and solutions to problems were urgently reqiilred. We also 
needed to raise our sights aixl to gear iq> for a larger part of what obviously was to be a 
new national effort In wee^xxi research and develcpnent. 

It was at this time that new facilities for research on the problems guided 
missiles ai'i high-speed flight were prc^xjsed by the leaders of the NACA with the backing 
of high officers of the Arny and Navy. A detailed account of tlie wartime work dene by the 
NACA on guided missiles and of events leading to the establlshmmt of the Wallers Island 
Station is given In Reference 1. MlUtaiy officials proposed to Cc^Tgress that a free— 
fllgit guided missile range^ be built and operated by the NACA. Qeographlc surv ys were 
made ig) and down the East Coast of the IMted States for a location wrtiere such frce-fllgit 
experiments could take place, yet be convenient to the NACA research center at Langley 
Field. At that time, a tracking range of about 50 miles southward along the coast 
believed to be adequate for research purposes. Wallops Island, a strip of land o ;'.Te 
Atlantic Ocean, met this requlremait and had unlimited range directly cyut tc sea. ±t was 
selected In i^srll 19^5. 

in May 19^5, after Congress had approved this facility and had appropriated 

^ I 

money for buildings and equipment, I was relieved of my duties in the Pllgit Research 

Division at Langley Field and put In charge of this new work. Ihere was no fanfare about 

it. Mr. Crowley, the Acting Englneer-in-Charge of the Langley Center, just called me in 

and told me that I was to manage this new activity and that he had confidence that I was 

the man to do It. Prior to this time, I had worked flight research after arriving at 

Langley Field in 1937. work Involved an extremely close working arrangement with test 

2 

pilots In establishing handling quality requirements for alrp Lanes. In some of this 
work, I did a great deal of flying as an engineering observer, and I had developed a keen 
appreciation for the pilot's side of the man-machine relationships. I learned a great deal 
fVom Chief NACA Test Pilot, Melvin N. Gtough, In particular. He was very Interested in 
airplane handling quedltles and took great pains to educate me In both pilot and airplane 
characteristics. This baickground was to be very Inportant later in our work cn Project 
Mercury, anl throughout y^Uo, In decisions regarding the roles and authority of man In 
the space capsule. 


'*’They also proposed that NACA build a supersmlc wind tunnel which later was 
authorized for the fiaeB Laboratory In California. 

Fluids in the amount of $^,5?j,000 were appropriated for the construction of 
xlacilitles and the first year's cperaClcai, Reference 1. 



I was also deeply Involved at that tline in transonic aerodynamic research using 
(1) free-xalling, instrumented bodies c!ropped from hi^ altitude, and (2) the wing-flow 
technique,**^ which I had invented to help with the problems of aerodynamics near and through 
the speed of sound. Sane of this work is described in rry paper on the development of the 
wing-flow technique, that covers beloavlor of wings and cwntrole ac sonic speeds and 
Illustrates che iirportance of thin wing sections for aircraft designed to fly men througn 
the speed of sound. Ihis work was available in time to be considered in the wing selec- 
tion for the.X-1 research airplane. It provided the Impetus for selection of the very 
thin wing (by standards of those days) which first broke the sound barrier in 19^7- 
supervisor, Ployd Thompson, Chief of Research of the Langley Laboratory, made the decision 
based on data we had obtained with the wing-flow technique. 

While I iiated to lo'^ve the Flight Research Division, I reconized the oppoz^tUiilty 
of devexoping a whole new free- flight research facility, and soon I became conpletely 
engrossed in the new job of creatiiig <tnd operating the Wallqps IsLsnd Missile Range. 

Wallops Island is a barrier island off the East Coast of the United States. It is a low- 
lying spit of land separated from the mainland by a sa">, marsh, and p<pulated by many sea 
and game birds. Sane of the most delicious clams and oysters in the world are to be found 
in this vicinity. Ihe island itself was populated by miniature wild horses, voracious 
horse flies, and sane of the hungriest rrosquJtoes I have ever seen. The north end of the 
island was wooded, while the part we were to utilize in our early operations consisted of 
sand and sea grass with a few salt water bushes. In the next frw montlis, work went ahead 
in the design and construction of facilities on the island. All materials of construction 
had to be barged from the mainland to the islanu. Boats alone were used for many years to 
transport men and equipment. In 1959* after the creation of NASA, a causeway was built 
across the marshes which permitted rapid access by autonobile and truck, and greatly 
increased the work capacity of Wallops Island. Of course, by this time, I was no longer In 
charge of Wallops Island. Robert L. Krleger had become Director of t’le Station. 

I learned r.:ny thirgs during those early days of building and operating the 
Wallops Island range. I was a young man of 31 with little experience except in research 
matters. I found a vdiole new world of budgets, land acquisition, hiring, recruiting, and 
operating with other agencies and companies, as well as with the comiunity around Wallops 
Island. We had planned all along to retain Langley Field as our research base, using 
Wallops Islcind principally as a test site where research missiles and models of various 


The wing-flow technique gave aerodynamic results over the speed range from Mach 
number of 0.85 to 1.2, the very range which the wind tunnels could not cover. It m^'^e use 
of the fact that tlie air above the wing of an airplane went quite smooth** ' c*nd uniformly 
through speed of sound. This region of airflow on a P-51 airplane ^ used to test 
models of wiiigs arxl controls. This method and a vailation of it in wind tunnels was used 
extensively for several years. 



kinds eoNld be flom without danuer to local ooMuiitles- Ihe aodels were prepved at 
Langley and carried over to MUlopa Island by air or boat Mhere they ware fitted with 
booBters, Intonal power, and sustainer rochets. The ladars, trackinK eqtd ta aan t , and 
telaaater reoedvars were located at thllnpe Island, but the reeeareh work on new teloK 
eters and the irstnaaenftation would be done at Langlear Field. Hits plan was best suited 
to thoae tlaws. It gave us the highly sophisticated technical labcsatocy with all facili- 
ties at IsTTley Field ftar the reBeerph staff, and yet we had the reanra spot where, the 
research flight tests could be carried out. This plan oontlnued In effect for anny years, 
and It was only after the a dwe nt the space age and the creatlan of MSA in 1958 ttut 
Uallops Island lecaaK the Independent MSA Station whldi it is today. 

EARI7 GOALS «D ACHZE«BBI!IS 

Those who first conceived the need for Wallops Islnd believed that flight trials 
of guided missiles far the Amy and the Navy would be conducted there. H owe yer , It was 
soon evident ttiat the service organizatlanB were gplng to want their own gilded adssile 
ranges. The Navy was to daveljp sudi facilities at Ptdnt Mugi and at InyokEm, and the 
Aray already was in business at White Sands, New Pfexlco. The D enan a River Test Range at 
cape Can av erwl later becaae the guided adssile range of the newly fcned liilted States Air 
Force. 

I detendned to begin operations at Wallops Island as early possible so that 
we would be able to inooeporate our operating esperienoe into the desigi of the p era anei it 
facilities. Our ^rations during the first year were reninlscent of advanced base acti- 
vities In the *<ar in the Reciflc. We used suiplus equlpoent and anterial, sudi as landing 
craft ftca the Chited States Navy, pierced steel plank for roads and landing i mp s , Je^, 
and other kinds of gear that had been developed faring the war. Our first laundiing of a 
researth vehicle occuired in August 19^5, only a few smths after the start of Wellops. A 
iBodel of the aix«-to-air missile, TSssmt,^ was flc» out over tte sea in a flUfA slD'latlng 
Inputs Tern a guidance system ttn?ou0i an autopilot. A view of the Tlamat model on ^ 
launc’ >ad during launch preparations is Wiown In Figure 1. I personally attended all 
launchings in those days, in charge of launch operations, and made declslans during launch 
prqmratians acA the final ccuitdown. We operated out of a bloclchouse msde of sandbags. 

Our firing leads and cahllng to the launch sequencing ecjulpoent were stnsig out ever the 
sand. It took a grntt deal of enthusiasm and individual Initiative to work in the heat, 
amidst the mosquitoes, herse flies, mnd with sand In our food Actually, the Tlamat test 
Was quite successful for that it was . * ' -Tited. H oweve r , we could see that the missile was 


^naoBt warn officially the Anqy Air Ftroes NX-570 project, an air-to-air missile. 
According to Shbylanlan aythology, Tlamat was a see monster; Deference 1. 
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Fig. 1 

llm of Hasat fest Vehicle aM Booster an 
Laimchlr^ Pad, Wallqjjs Island, July 19^5 


a very "lanslex and expensive device to cmstitict, instruasit, and Mmch, even if we hs 
had Meqtate and pemansnt facilities. 

It soon becarre apparatt to ne that the orlglml plan, sMch called for laura:}' 
a large number of tiiese corplex sidssiles of Anii{y or Itevy dleslgiB, wuld take all of oui 
resources arri leave little renainirg for woA on tlie principal pn±sl*^ of the time, 
liai to do with trarBOiie and si^rscnic flight characteristics of rww arxi advanced aerc 
dynamic concepts, Ttxm alsmt the very flrot, tt«refore, ws be&a changir^ the purpose 
tte Walicps Islard rar«e. iilti'wrgli orlgtnaliy conceived as a itdssile testing site, it 
became a Mssile i . .. .search range. Here we developed otlierwise unobtainable tesic Inf out 
tion on the aerodyrardc aM stractural behavior of wings, bodies, and controls , and on 
other key itars In Msslle «i aircraft design fncm rocket-f»»sr d models in free-fllgl 
supersonic arri trafsonic speeds. In tte process we acquired a nucleus of very sklllAil 




creative people in this research with rocket-propelled models. Key people In this very 
early group and their specialties are listed in Ihble I. 


TABLE I 

KESf FEOFIE^ AND THEIR SPBCUmES AT 
UAIiiSPS STATION 


Paul E. Purser 


- General Aerodynamics i Structures 

Ibxime A. %get 


- Aerodynamics A Propulsion 

Paul R. Hill 


- Aerodynamics A RiMpulslon 

Joseidi G. Thibodaux 


- Propulsion A Mioerials 

William J. O'Sullivan 

— Propulsion ft Aero Sciences 

David G. Stone 


- stability A Oontarol 

Caldwell C. Johnson 


- Design of Flight Hadels 

Giknind C. Buckley ' 
Horton J. StoUer 
Charles A. Thylor , 


- Overall instrunentatlon system: 
radar, telemetry, sequencing, 
checkout 

George B. Graves 


- Telemetering 

• 

Paul P. Rihraeister 


- Doppler Radar 

Gerald M. lluszynski 

- Tracking Radar 

Robert A. Gardiner 


- Guidance A Stability Equlpnent 

Robert L. Krleger 


- Tracking Radar - Operations ftenagement 


We devised many specialized techniques for this research over the next several 
years. We had to seek low cost methods of model construction, instrumentation, and pro- 
pulsion, to keep within our small budget, and yet cover significant nnbers of configura- 
tions of interest to desi^iers of new aircraft and missiles. Host of our research models 
were relatively small, and we used solid rockets almost exclusively for propulsion because 


^The organization relatlmshlps are described in detail in Reference 1. Ray 
Hooker was my original deputy during the days of building the Range. Buckley became my 
deputy in January 1948 because of the Inportance of electronic interface %ilth the research 
programs. Later Shortal replaced Buckley as my deputy and became head of PARD in 1952 
idien I took other duties. 
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they were adequate to give us Ite speeds timt we needed, and v«re slnple and relatively 
imxpensive. In fact, standard aircraft rockets were available to us free of ebargs from 
the {fevy. Tbe solid rockets vere fitted Inside the fltselages of our research models, 
»4iich mre often constructed of wood with tnetal inserts to have the required aerodynamic 
shape and the necessary straagth and stlffhess. An early drag research model in its spe- 
cial launcher is shcsun In Figure 2. Systanatic stiidies were ~ade of wing ard body drag 
using simple models of this type. 


An ferly ESrag Besearch Model in its %3ecial 
Launcher at T(fellops Island, October 19^5 


A Dqppler radar, TPS-5, obtained frcra the Aniiy (Pl®ire 3), used to track the 
models in coasting so that we could measure t!« drag of ccnfiguratioo wittout hav- 

ing to put instruBients into the i?»del itself. IMs was possible because the radar vas suf' 
ficiently precise in its measuraij«jt of veio^ Ity that caild accurately detemste the 
deceleratlan of differentiating the velocity-time curve, IMs measure of deceleratiai, 
with the krown nass of tte model, gave us the drag forces wrsus %ch ms!a»r, fMioscmdea 
were used fcaf ataoj^herio data. A typical velocity-time curve for an early dra® test is 
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Early Doppler Radar (All^'TFS-5) Used at fellops Island 
in Initial AerodynaMc Drag Studies 


show in Bi@ire After burtwut, the slc^ of the curve Is a m^sure of the drag. 

Figure 5 shows the results of systaratlc study of the effects of sweep-l)ack arsi a^sect 
ratio on the drag at: sigserscnlc ^and transwilc .ig>e^s. As time went on, the radars were 
iBproved and greater accuracy and range wre obtair«d. Systesnatic tests were mafe with 
larger models and over a greater speed range- .Figure 6 shows typical: results from system- 
atic tests of various fuselage shapes. 

i:k>ag ineasureitients of this typ€ :l»a» our .most iupartant prodsKit during those 
early years. I recall, however, the first real trial of the techiiqiffi occurred during a 
visit of George W. Lewis, • Diractor- of Aerorm Research in teshlngton, and Jerome C. 
}kinsaker. Chairman of !1ACA, t»th men of great prestige and authority. As luck woild have 
It, the model we launched to show how the technique worked lost; Its wln^ due to a struc- 
tural failure, Runsater immediately said, "So the technique Is m good; it doeart't work." 
I recall replying, "Uo, ft*, ftmsaker, we simply have to learn how to mate the wings 
stronger." IMs we were able to do, and for tte next ten years or so >fellcf>s was to meas- 
ure the drag characteristics of literally hundreds Of mw airplare and missile desi^is, as 
well as make systanatic studies of »dng ar4 body drag and of other itCTuS. 

Data c»i the effectiveness of various types of contrais were provided by arksther 
ve slrple technique that utilired a polarized sl^al frem a small radio transmitter in 
the model to measure the rate of roll as the model coasted thrc»4gdi tte speed nvtf^e from 
supersonic to subsonic .speeds, Ite effect;! v®ess of deflected ailerons on winged mo -Is 
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Fig. 4 

A Typical Vel-olty-Tline Curve for a E»?ag Pesearch Morlel 

in producing rate of roll was a direct measure of the ailerc»i poner of the design at the 
various speeds encountered. In this way, we measured the properties of various kinds of 
ailerons and filers on swept and unsw^t and tapered wings of various aspect ratios. 

These results foaid imnedlate use in the design of missiles and high-speed aircraft. A 
typical test result is shown in Figure 7, where reversed aileron effectiveness is cured by 
using a blunt trailing edge on the aileron. 

During this early phase of Whllops Island work, the systematic data on the drag 
— control effectiveness was also used as a yardstick for oonparlson with other tech- 
niques, such as the wing-flow technique ln-fU^it and the transonic bmp technique in wind 
tunnels. Conventional wind tunnels were still unable, because of the choking problems, to 
provide useful da'.a for aircraft and missile configurations at ^needs close to the speed of 
sound. 

As our abilities Increased, we were able to provide free-fllght data on the wing 
flutter characteristics and pressure distributions, as well as on dynamic behavior of 
cocplex wing-body arrangements. Using our new ftw-fll#jt techniques, we provided Infor- 
mation for the design of the X-1, X-2, and X-3 research edrplanes. Model tests c i new 
filter airciaft were made at Wallops Island while they were still cvi the drawing board. 





Fl«- 5 

EfTects of Wing Plan Fom cn Drag FYxxn 
Early Tests at Vbllops Island 

Die Investigations usually conceited drag and stability throu^ the ^leed of sound. Die 
North American P-100 fighter Mas tested In this manner, as were many others. In the mis- 
sile field, models of the RascEil, the Shark, the S^iarroiir, and the Navaho were flown at 
Wiallc^ Island, to name only a few. 

During these early years of guided missiles and supersonic fU^it, the ram Jet 
was coisldered to be an engine of great {trcmlse, and a number of ram Jet test vehicles 
were flown at Vlallops Island. One such program Involved the NACA Lewis laboratory at 
Cleveland, Ohio, Mhlch had prime responsibility for ram Jet engine research. Dielr pro- 
gram used fbee-fU^it vehicles air-launched over the Wallops Island range. Die c<»ic^t 
was to mount the test v^cle underneath a carrying aliplane at the Cleveland airport, and 
then take off and fly to the vicinity of Wallops Island. Once over the Island and acquired 
by tracking radars, the airplane would proceed on a drcp run with Its test vehicle under- 
neath. Die ram Jet engine would then be activated and the test vehicle launched c>n a 
prescribed trajectory. Die radars would track Its fU^it idille the telemeter receivers at 
Wall(^s Island would record the Instrument records of the engine operation. Dils technique 
proved to be */ery successilil, and many such drop tests were made In the years of 19^9 and 
1950 . people In this Lewis Laboratory work were Scott Slnpklnscn and John Dlsher, 
both of vtfwn Joined the Mercury Space Ihsk Groi?) In later years. 
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Pig. 6 

Effect of Riselage Shape on Drag Fran Vfellops Island Tests 

A second ram Jet program Involved a Langley group under Paul Hill and Max Faget 
that specialized in ground-launched test vehicles using ethylene fuel and burner's of short 
combustion length. Ihe conflguratiai consisted of a long central body containing the fUel 
tank with two Jet engines mounted as nacelles on either side of the horizontal tail. 

The first ram Jet of this type was flown in March of 1950, achieving a Mach nuni>er of 3.02, 
a new world record. A second fli^t a few maiths later achieved a Mach number of 3*2 ard 
the test vehicle coasted on up to a height of over 130,000 feet. Hugh Dryden was greatly 
Inpressed at the perfonnance of these small ram Jets and took great pains to inform the 
military sendees of the success achieved at Wallops Island. However, both the Air Force 
and Navy were Indifferent to this work, and showed little Interest in following up on the 
Langley designs. 

After these initial successes, ram Jet work gradually lost favor to the increas- 
ing lirportance of the ballistic missiles in the national programs. The Langley work was 
phased out and the Lewis flight efforts turned to research on reentry bodies. It is of 
interest that a young engineer, named George M. Low, was working with Scott Slupklnson on 
reentry bodies air-launched at WSallops Island only a few years before they both Joined the 
Mercury effort for flying man in orbit. The research vehicles flown by the Lewis Lab for 
measuring reentry body characteristics were able to achieve very large Reynolds numbers at 
high Mach numbers because an aii^ launch allowed the test vehicle to penetrate dowTiWard into 
the atmosphere achieving high Ffech number In the dense lower atmosphere, whereas the test 
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Fig. 7 

Effect of Aileron Shape cm Rate of Roll at Transonic 
^)eeds From Early Itests at Wallcps Island 

vehicles ground-launched from Vfeillc^)s Island achieved high Mach numbers in the upper 
atmosphere i<^re the Rejnclds nurribers were lower. Thus, the Lewis work nade a good coun- 
terpaii; for the work done at langley in contributing to the knowledge of aerodynamic heat- 
ing on reenti^ bodies for ballistic missiles. 

I cannot leave free-flight techniques without describing the stability and ccxi- 
trol work using "pulsed caitrols.” In this technique, the elevators, or pitch controls of 
an aircraft or missile configuration, were moved abruptly up and down in a square wave 
pattern by a motor drive, and the response of the model in pitch was measured using 
accelerometers and an angle of attack meter. From these data it was possible to obtain 

not only the static stability, dC but ailso the lift curve slope, dC,. the neutral point, 

m — jll 

and the drag due to the lift dCj^. 

#• 

A variation of this technique anploying "pulse rockets" was also used. Pulse 
rockets were sinply small rockets specially desi^ied to give pitch or yaw disturbances to 
the model during flight for the same purpose, i.e., stability measui’ements . A key instru- 
ment in all this work was the angle of attack meter. We developed our own device in NACA 
that consisted of a small delta-wing probe mounted in the undisturbed airflow forward of 
the nose of the fuselage. 
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But it was always a problem to obtain enough mcMietary support to do all the work 
that needed to be done. In frce-flight testing, it was especially difficult to convince 
the Congressmen and other high officials that work was really worthv^le when the models 
had to be destroyed in the tests. Pec^le k)uld always exclaim: *^What a shame to let such 
a fine model destroy itself in the sea.” Recovery efforts would have been much more 
ej 5 )enslve tnan the models at that time, and, in spite of the loss of the model with each 
flight, our costs were highly corrpetltive with the supersonic wind tunnels v^ch had very 
great initial cost and far less flexibility. 

However, American industry, our principal customer, was inpressed with the value 
of our results and they v^re not bashful in asking for more. A group called the ”H1^ 

Speed Subcdmittee,” which was led by Eugene Root of the Douglas Company, together with 
other roenPers of the aircraft and missile industry, supported us in a solid manner. They 
reconmended in a unanimous vote that the Wallops Island work be expanded by a factor of at 
least three. Ihis recormendation was passed on through their parent Ccxrmittee to the 
NACA Itself. Ihe NACA budget for the wailcps Island work was increased by a factor of 
three and this acticxi greatly helped in expanding our work. 

During this time of intensive work on new research techniques, I was appointed a 
men4)er of a gro^) in Vfeshlngton called the "Planning Consultants to the Carmittee on 
Guided Missiles.” Karl T. Caipton, President of MIT, was Chairman of the parent Conmittee, 
the Committee of Guided Missiles, which operated in the Pentagon. It was the Job of the 
Planning Consultants to review the nation’s guided missile programs and to make whatever 
reconmendatlons we felt would make for a stronger and more effective national effort. It 
was a great opportunity for me as a young engineer, whose specialty was aerodynamics and 
structures, to work so closely with these people from irKiustry, university, and government, 
who were skilled In all the disciplines and in managanent as well. 

While I served on this Board (19^6-19^7) our work covered the early period of 
the national guided missile program. This was the time when the Lark, the Hermes, the 
Bumblebee, the Navaho, and the Nike were among the major missile projects in the United 
States. Ihe atom b<xnb was still so secret that even people working as Planning Consultants 
for the Conmittee on Guided Missiles were not privy to the information on thie sizes and 
wel^ts of these weapons. We made several reccnmendatlons to the Guided Missile Conmittee. 
The most important one, in my opinion, was that the ballistic missile had great promise 
as a weapon and that the technical problems in guidance and reentry could be solved. Of 
course, it was up to the Guided Missile Conmittee as to how our recontr/endations would be 
taken and it was several years before the national program to develop the ballistic mis- 
sile was instituted. 

In looking back over the years following World War II, the data and techniques 
developed at Wallops Island had an Important and quite profound effect on U.S. Aircraft 
and missile desigis. In later years, the Wallops Island group would gain conpetence and 



experience in dealing with the problems over almost the entire spectrum of hi^-speed 
flight. This background was to be a great help in moving into the space program when the 
opportunity came. 


WALLOPS ISLAND: TRAINING GROUND FOR SPACE 

I have beer asked many times: "Why was Wallops Island such a gojJ trainin'^ 
ground for the space age?” Several factors were inportant. First, in a 1 ‘iight test pro- 
ject, the engineer had to consider the whole spectrum of problems. He learned about all 
the phases of his project even though he might only be seeking a drag curve. The model 
had to be designed and constructed with a power plant, a launcher, telemeter and instru- 
in^ts, radar tracking, operational crews, arxi so on. This broad kind of responsibility 
tends to attract and develop exceptional people. I found this to be true also in flight 
research with manned aircraft. One had to take a broad view; the detail thinkers tended 
to gravitate to the wind tunnel or other kinds of specialty work. 

The fact that the research models were expendable and therefore had to achieve 
a very high reliability was also an inportant factor. For example, the pyrotechnics had 
to work, the second stage rockets had to Igiite, the electronic systems had to survive the 
vibrations of the launch and the accelerations of the flight. We had to be concerned with 
structural integrity because the loads inposed on these models were hl^ h ir^ieed. We had 
to be concerned with wing flutter and divergence, and we had to deal h problems of 

aerodynamic heating. Pressure was on the operational people to acq ■' . e ^ne models with 
radar or the flight w«^uld be a failure, and we were operating over the sea, which gave us 
an intimate knowledge of the recovery environment with which we were to work later in 
recovery of manned space capsules. 

We were using as everyday tools items that would be vital to space projects. 

This activity thus became a great training ground for the young people ccxnlng up. We 
learned the necessity of keeping our designs extremely slirple and attacking a problem in 
steps. During ttte first two or three years, I insisted that we use no more than 4-to-6 
channels of telemetry in a given model, and that we build our programs to minimize the 
effect of a loss by not involving too much effort in any one flight. Wherever possible 
we used the backup systems that were to become inportant in spacecraft design. However, 
the extreme weight sensitivity of these early rocket models made redundancy difficult to 
achieve except, of course, for very small, light items such as the electrical squibs used 
for igniting rockets and activating other devices. 



NEW HORIZONS 


In the fall of 19^7, the X-1 reseai*ch airplane, piloted by Major Charles Yeager, 
became the first oanned airplane to break the sound bander. Uianks to the results fbom 
the Wallers Island rocket models and earlier transonic research, there were practically 
no surprises. It was a great mllestoTe of fU^t. Later that same year, John Stack and 
his associates at Langley Field built the first truly transonic wind tunnel. It was 
neltho* open nor closed, but had a slotted throat which permitted the flow to go quite 
smoothly throu^ the speed of sound In the test section without the choking phenomena of 
the past, nils type of wind tunnel was to be ftirther refined and applied to wind tunnels 
all over the world. 

Our work at Wallops Island began changing, niere weis less incentive for tran- 
sonic testing with the Improved wind tunnel capability, and our lnta?ests were increasing 
In hitler I4ach number problems. In 1952 Bob Vfoods. the Chief of Airplane Design for the 
Bell Aircraft Company, proposed a new research airplane, the X-15, for flying man to the 
very edge of space. I reroenijer well his proposal, and equally well the people even in 
those times 'dio said, "Why fly man? Why not fly an Instruraait?" % reply was: "Man will 
fly In space someday, so vhy not start doing it as soon as possible." IMs was the first 
time I heard the theme I would hear so often in later years reflecting the conflict 
betwe«i manned and unmanned flight. The X-15 became a successfld. research ^ ’rplane, but 
the blunt space capsules 1'. both the IMted States and Russia became the first true space 
vehicles. 

In the guided missile field, heat transfer was becoming very Important. Heat 
transfer research lent Itself well to rocket model techniques at Wallops Island. Very 
accurate and useful measurements were itede in free-fllght usiiig the skin of the missile as 
a calorimeter. Ihis work started with research on slender >dles of revolution and in 
later years proceeded to concaitrate on reentry bodies having blunt faces. Figure 8 shovra 
a research missile designed for boundary-layer and heat transfer work at high Reynolds 
numbers at personlc speeds. Ihe nodel was designated the RM-10 and used for correlating 
flight and wind tunnel results to show the effects of Reynolds number and tunnel turbu- 
lence at various Mach numbers. 

own career was changing along with the changing research picture. I became 
an Assistant Director of the Langley Centei', and my responsibilities broadened to Include 
the Structures and Aerodynamic Loads Divisions in addition to the free-fllght testing at 
Wallens Island. During the next few years we worked very hard to develop structures and 
techniques for hl^i-speed flight and hl^ tenperatures. Ihe work at Wallops Island went 
to hitler and higher speeds using multistage solid rockets. In order to reach the hi^ 
Mach numbers required, powerful new solid rockets were acquired and staging techniques 
reached a high degree of sophistication. In the years Just prior to Sputnik, five-stage 
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Research Missile RM-10 Designed for Boundary-Layer and Heat Transfer 
Resear'ch at Hl^ Reynolds Nunfcer and Supersonic Speeds 


rockets were used to achieve ali'speeds greater ttan Ifech 15-0. A five-stage rocket 
designed to measure heat transfer on a blimt body Is shown c»i the launch pad In Figure 9* 
The know-how acquired in designing multi-stage solid roctets was applied in later years 
in the development of the imltistage rocket called the ”Scout." The Scout was to launch 
satellites into Earth orhit from Wallers Islani as well as from other locations. It Is 
still frequently used. 

At Langley Field, n»antirrB, we were also crmtlng new kinds of ground facilities 
such as arc Jets, pebble-bed heaters (using alumina, zlrconia, and thorla), aM combustion 
Jets o^ various sorts. Paul Purser werked »dth me on special asslgrraent to create many of 
these new hlgh-t«peratui'e facilities. Most of these were pilot trcdels of Ideas that 
were to be pLu-^ued further in the future, but they mre also very productive of data m 
}»at transfer ard ablative imterlals for ballistic missile designs at that time, Flgjres 
10 arri 11 si»w the design of a zircaULa pebble-bed heated Jet which is still in service. 
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Fig. 9 

Five-Stage Heat lY'ansfer Itest Vehicle launched 
December 1956, Wallors Island 

SupersOTilc air Jets with stagnatlcai tejiperatures of ^000® were used for material testLig. 
A larger facility of this type was later built at the Ames Research Center in California. 

EVOLUnrai OF the 'ILHCURY concept 

The launch of Sputnik 1 on October 4, 1957, had a great effect an the tliinklng 
of all of us in the NACA. I can recall watching the sunlight reflecting off of the 
^tnlk 1 carrier rocket as it passed over my home or the Chesapeake Bay in Vtndnia. It 
put a new sense of value and ui^rcy on the things we had been doing. When on** .-r nth 
later the dog, Ltlka, was placed in orbit in Sprtnlk 2, I was sure that the S«jv5. ^ -ere 
planning for man-in-space. 
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Pig. 10 

Diagram of Oeranlc-Heated 'Ilr..sel at langley Field, 1957 

At that time, many of us started thinicing Intensively ^bout named satellites of 
a* kini ca* anotter. It seemed to me that the Uilted States would surely ccnpete with the 
3ovl<»t Union in ^»ce research. Prior to this, maixy our research people lad been 
studying manned hyp«*sonlc gliders. In fact, there was a hl^Hpncrity research project 
sponsored tqr the Air Ftarce for studying just such a veidcle. This »iork later became the 
tasis for the Eyna-Soar Ptxjject that cmtlnued until the end of 1963 before it was can- 
celled. Another hypersonic glider, the X-15 .nssearch aiiplane alreaoy nwitloncd, was under 
development. It war designed for a rtudiiiin s^>eed of about a Mewh mraber of 7. According 
to hirtcries of this tune period,***' wca’k was beir^ done on nanned satellites even before 
^jutnLc. I do not recall laving contact with this wcaic except for that of Harvey AUtn of 
the Abbs Itesearch Cen<’'T. He was the first, t' ny recollection, to propose a blunt body 
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Fl€. 11 

Photo 0 ^h of Ceraralc-Heated l\jnnel at Langley Field, 1957 


for manned satellites. He suggested a sphore to enclose the. man and said, "You Just throw 
it," meaning, of course, launching it into orbit with a rocket. 

In the fall of 1957 we held a met ting *--o discuss "Round 3" at the Ames Research 
Center In California. "Round 3” was a term for the next step for research aircraft beyond 
the X-15. .VO it happered, tie Soviets launched ^xitnik the week before the meeting, lie 
Ispact of the Soviet achlet^ement on the .meeting was the realizatiai that orbital flifdit 
was a legitlflBte national goal. I could not attend the meeting, end Purser and Fhgeo 
represented the lar^ley and Wstllops grot^). They came away disenchanted with hypersonic 
gliders and convinces that a blunt body-type of manned capsule should be the next step in 
manned flight. A1 ^gers of Ames lad proposed a coif-act-type of glider, now termed a 
"lifting body," siiaped like "half-a-b.al<ed potato." This was a clever desl^. and one which 
would have Inherent advantages in lower reentry g-fcrces. 
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In March 1958, at anotho* conference held at the Paes Research Center, Max Fhget 
presented a paper'*^ called "PrelliiilnBry Studies of Itened Satellites - VHngless Oonfi^ira:- 
tlon: Non-Llfclng." This was a very significant paper. It put forvard most of the key 
Items that we would use in conducting the Mercury Project. It .showed that a sisple, non- 
lifting satellite v^cle of proper design could follow a ballistic path In reentering the 
atmosplere without experlen::ing heating rates or accelerations that would be dangerous to 
nan. It showed further that retrorockets of modest perforoence were £>dequate to bring the 
capsule down fron orbital speed and altitude to a reentry Into the atmostAiere. It also 
described the use of pa. achutes for fixal descent and small attitude Jets for controlling 
the capsule in orbit, during retroflre, and reentry. This paper concluded: ’’As fsr as 
reentry and recovery are concerned, the state of the art is sufficiently advanced so that 
it is possible to proceed confidently with a mamed satellite project based upcn the 
ballistic reentry type of vrtilcle." 

Because of Its great sinpUclty, the ncnllftlng, ballistic-type of v^cle was 
the front runner of all proposed manned satellites. In my Ju d gement. But there were many 
variations of this and other concepts undar study by both gsvemnent and Industry groups. 
The choice Involved considerations of wei^it, launch v^cle, reentry body deaign, and, 
to be honest, gut feelings. Some people felt that man-in-space was only a stunt. The 
ballistic s^^iraach, in particular, was under fire since It was such a radical departure 
fhom the airplane. It was called by its opponents "the man in the can," and the piJot was 
termed only a "medical specimen." Others thou^t it Just too undignified a way to fly. 
Even Hugh Dryden, vdio at that time was Director of NACA, labeled the ballistic capsule 
proposal of the Army's "Project Adam" the same as "shooting a lady out of a cannon." Wien 
we proposed a similar ballistic phase in the Mercury Project a year or so later, he 
approved It since it was by then a buildup phase to orbital flight in the proof-testing of 
the ^lacecraft. 

l^udous design concepts under study by U.S. Industry at that time are shown in 
Figure 12. These configurations were compared and discussed at a conferoice held at 
Wei^ Field in January 1958. Uelth^s of satellites varied from 1,CXX) to 18,000 pounds, 
and a wide variety of launch v<^cle combinations were proposed. Even the X-15 was in the 
running. Its backers thought they could "doctor It up" somdiow to get It through the 
reentry heat phase and thereby make It an orbital v^cle. Arthur Kantrowltz of AVCO had 
a very interesting concept Wilch would deploy a very large metal parachute in orbit to 
cause enou^ drag or braking siction to cause ree n try. During reoitry, the metal parachute 
wcild actually becune white hot fhom the aerodynamic heating. Nevertheless, the majority 


^Benj. ~ ■ J. Garland and James J. Riglla collaborated with Faget in preparing 

this paper. 
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Pig. 12 

Manned Satellites Uider Study by U.S. Industiv, January 1958 

of the aerospace conpanles felt that sane sort of ballistic ^i^pe should be used. Cost 
estimates varied fron 40 million dollars to about 900 million.^ 

One concept of considerable interest , not shom in Flgpre 12, was pressed by 
Charles Mathews of langley. It was the €arerurvkjr of the space shuttle desl^is of today. 

He pressed a circular-winged craft that would reenter at a very high angle of attack. In 
this mode of flight the heating rate would be greatly reduced and confined largely to the 
lower surface of the wing. Following the reentry heating phase, it would pitch over and 
fly to a landing like a convaitional airplane* All these and other concepts were interest- 
ing and no doubt could have been nede to work in due time. Hoidever^ the most advanced 

4 4 

ballistic missile at that time, the Atlas, could be expected to lift only about 2,000 

*It is of interest that the actual cost of the Mercury Project was about 400 
million dollars. IMs cost covered e\’erythlng, including the construction of the world- 
wide tracking xwge and the steaming time of the U.S. ifavy for recover^r purposes. 

^Ihe lift cap^iiity of the Atlas grew to more than 2,500 pounds by the time 
Mercury was ready to fly. 
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pomds In^o orbit. It seenieci obvious to our grou^, therefore^ that only the most siflople 
ballistic capsule could be used If named space flight were to be acconpUshed In the next 
few years. 

IXirlng this peilod» I spent more and more tine In Washington working as an 
assistant to El:7den» the Dijnector of the HACA. Ibere was a great deal of Interest 
in space flight, and plans were going ahead at various le/els in Governnent for the cx^eat- 
Ing of a national space agency. Testlnuiy was being given to the Congress by eminent 
people In science and technology on what they thought should be done In order to help nake 
the IMted States conpetltlve with the Soviet l^on In this new space age. 

THE HOT SIMCH OP 1958 

In the early axnner of 1958, a nunber of us ft?oro Langley Field and other labora- 
tories of NACA went to work In Washington fUll-tlnie to help Dryden and other members of 
his staff put together a plan and a 'udget for the new space agency that seemed certain to 
be created by the Con^ss that year. Aoout 20 of us nade our headquarters In one lainge 
room on the sixth floor of the old NACA bulldii^. There were about 10 telephones in the 
room, and we worked together and with others in Washington and around the country to 
create a plan and a budget, ^y this time, Abe Silverstein of the Lewis Research Co:^te^ 
had been transferred to Washington, and Dryden placed him In charge of planning the entire 
space flight program. 

Abe Silverstein and Hu^ Dryden assigned to me to "'^anage the man-in-space pro- 
gram during that hot simmer of 1958, several months before NASA was created. I put 
together a plan that I hqped would be acceptable, not only to the people In NACA, but to 
the Advanced Research Projects Agency (ARPA), and, of course, to the President’s Scientific 
Advisors. In order to do this, I collected a select grouj of people from Langley Field 
and from the Lewis Laboratory to form a sort of task force. Meirtjers of this group included 
Max Faget, Paul Pureer, Ciiuck Mathews, and Charley Zinmerman of the Langley Lab, Andre 
Meyer, Scott Siirpklnson, and Mendtt Prestcn of the Lewis Lab, and many others on an "as 
needed" basis. George Low and Warren North of Lewis were brought In toward the end of the 
surtmer to help with the final plan, as was Charles Donlan of Langley. 

During those humid suniner days we came vp with all of the basic principles of 
Project Mercury. The capsule would have a blunt face and a conically-shaped afterbody. It 
would be pressurized with a breathing atmosphere for the astronaut. The first real design 
to be put an paper was the work of Caldwell C. Johnscxi of the Langley and Wallers Island 
desigi groups. This original design is shown in Figure 13* Working closely with Max 
Faget and others at Langley, Caldwell Jdinson continued to create successful spacecraft 
desi^.s over the years. He helped create the desi^is f*or Apollo soon after doing those for 
Mercury. Ihe escape tower was conceived by Max Faget, Andre M^yer, and some of their 
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presentation, aw ong then: BAein Land, Oeoege Klstlakowslcy, and Killian hlaself. H ertoer t 
Tork, head ot the Aim Hecdsiical Staff, was also present. Hcaiewer, aoae these gentle^ 

Bsn were not at all enthusiastic about our plan to put nan into apace. In fact, I was 
concerned at thet time that they would not reccsaaend that the p rogreai go forward at all. 

At one tine in the hearlngB, JOstiakCMsky reinrinid with great displeasure that our plan 
**would provide the most expensive funeral a ann has ever had.** However, when we left the 
hearings, Dryden was very pleased. Ha tix 3 U{^ wa had done well and he believed that the 
progran would go fo rward . 

Wa also appeared before Congress in presenting this prograst. The h earin g s held 
before the Select OcnadLttee on Aaz*onautics and Space Exploration on August 1, 1958, were 
the first disclosure to the public of how we planned to put nan in space. I an Ispressed 
In going back over these hearings how very closely we followed what we said wa would do. 

We said we would use the Atlas rocket, a special capsule with a blunt heat shield, and 
parachutes for landing at sea. All these things worked out very much as we had proposed. 

I was surprised at the public interest in our testhasny. Crowds of people Jamad into the 
awall hearing room to look and listen during the presentations. 

OO AHEAD - SPACE TASK OHOUP 

on July 29, 1958 , The National Space Act vias sicned by President Eisenhower- The 
National Aeronautics and Space AdtoLnistration was created and came into actual operation 
on October 1, 1958, T. Keith Glennan was appointed by the President to be our first 
Adtaalnlstrator. Hu^ Cfeyden, the Director of old NACA, was named the Deputy Adraini'* 
st r at cr. NASA had been in business but a f tk days when we presented to Glennan and Roy 
Johnson, head of the Advanced Research Pr::Jocts 'gency of the D^jartment of Defense, our 
plan for putting men in space- The presentations were the work of the Joint NASA-ARPA 
Panel for Manned Space Plight.^ Within two hours we had approval and a "go-ahead." 

Olenian advised me to get on wiUi the project, go back to Lmrigley Field, and put together 
a group t: ae n age it. 

The groip>, however, was not to repor t to the Center at Langley, but directly to 
Abe Sllversteln in Washlngtan He 3 Kiquarters, «Aio had now officially been made head of ;^}ace 
prefects in the new NASA. The flercury presentation was imxle at the original NASA head- 
quarters in the eld D Hey Madison House in Washington, which had been fitted out for 
executive offices and conference rooms. Among those mrlth me at the presentation were 
Donlan, Faget, and Mathews fWxn Langley, Low and North of Lewis, Sam Batdorf of AHPA and, 
of course, Sllversteln and Dryden. Paul Purser was not present as he was down at Redstone 

^Hsirbers of the Ccninlttee Included: ftobert Oilz*uth (Chairean), NASA, S. B. ^tdorf, 
ARPA, A. J. Eggers, NASA (Septentoer 24), Max Paget, NASA, George Low, NASA, Vfarren North, 
NASA, W 3 Llter WlHlams, NASA (Septentoer 24-30) and Robertson loungquist, ARPA (September 24). 
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imttal already stacrting neeDtiations far the Redstone boosters for the progran. Oeorge 
IcM MBS to halve gone to Isngley Field with ae to help work on the project j however, 
SUversteln found out within a few w e eks that he needed Low In Washington. Therefore, Low 
TTWilned there as assistant to SUvwreteln In charge of the M a me d Satellite Progran, at 
*’he Washington level, until Mercury was finished and Apollo was well underway. He then 
Joined US at the new Muned ^aoecraft Oenter In Houston. 

We r e tu rne d to Lwgley laiflediately after the QLennan "go-ahead.” He realised 
that we had been given a Job of t r eme ndo u s difficulty and re^pmslbilil^. I had no staff 
and only verbal oetMrs to return to Langley Field and "get on with the Job." Floyd 
T hcwp ac n, vy boss prior to this new assignaaent, was of great help in getting the effort 
going. Mien I asked him how I could get aen transfeired the researdi oenter at 
Langl^ Field to ay new Space Tbsk Gbraup, he suggested that a sinple memorandue to him 
(stating tiiat I had been authorised by the Adnlnistrator to draft people fircm the Langley 
Oaiter) would allow ae to name those whom I wanted. This is exactly the way we went f<av 
ward. The historic meBKsvndian is reproduced in the Appendix. A good share of the leader- 
Milp In the U.S. space program eventually came frcm this group. 

Ln those first early we^ we prepared a specification for the Mercury cepsule 
that went out to industry with a request for their proposals within the next two or three 
ncnths. As a matter of fact, the entire time span from project "go-ahead" in October 1958, 
throu^ the request for proposal, bidders briefings, source selection activl^, and placing 
of the contract, all occurred before the middle of January, less than four months later. 
This kind of perfonnance could only occur In a young organization that had not yet solidi- 
fied all of its functions and prerogatives. 

During this sane period of time we established an arrangement with the Ballistic 
Missile Division of the Air Force for the procurement of the Atlas launch vehicles and for 
launch services. We also worked out a plan with General Nedaris and Wemher von Braun of 
the Amy Ballistic Missile Agency for the Redstone launch vehicles, and we started wortc in 
our own staff for a design and specification for the Little Joe rocket to be used in tests 
at Wallops Island. We gave to the Lewis Labaratory, now a NASA installation, the Job of 
creating a fUll-scale Mercury model spacecraft for an urmamed flight at an early date to 
establish levels of heat transfer and stehlllty in a full-scale ftee-flight test on an 
Atlas boos^ at Cape Cana 'v . Scott Sijipklnson of Lewis was the key man in this project. 

He aid his grotp, workJig vj. others at Langley under Jack Kinzlar, created a spacecraft 
called "Big Joe," tdiich was the first major step in proving the capsule design. Sliipklnson 
and his peqple did the lower i>art of the csqpsule, the instrunaitation, control system, and 
the heat shield, while Kinzler's group did the ipper heat shield and the parachute deck. 

The project started in Decenter 1958 and the spacecraft flew successfully in Septenter 
19591 
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All of our people wcsted holidays, evenings, and wedoends. We even wceked on 
New Years Day that year, but we did take off New Years Eve. Those were days of the most 
intensive and dedicated wosic by a group of people that I have ever experienced. Norie of 
us v’u forget it. We mre naking tests of escape rockets over on the beach at Wallops 
Island; testing paradiutes in full-scale drops txxa helicopters-, and measuring weter 
inpact loads on capsule configurations at lengl^ Field. 

In our early organization, I was the Director of the Space Task (hxKp with 
Charles Donlan the Assodato Director. Paul Purser served as ny Special Assistant, Max 
Raget headed the Fli#it Systems Division, Charles Mathews the Qpa?ations Division aid 
Charles Zianennen, who caae trm the langl^ Stailllty Division, becane head at a grag> 
on Relia>lU1v and (^lEdlty Assiranee. Our new contracts were handled by Sherwood Butler, 
we obtalrsd Physicians and fll^t surgeons with aero-oedicad tradnlng on loan fhom both 
the Air F rce and the Navy, as well as some p^chologlsts who were to help us in writing 
the selection procedures for the astronauts. Dr. Randolph Lovelace of the Lovelace Clinic 
in Alburquerque, New Mexico, agreed to head an Advisory Ccmalttee on space medical pro- 
blems. He was a great help to us in ctealing with the medical connunlty in the early, days 
of space. 

The events and acconplishments of the Mercury Project have been docixnaited many 
times. I will not try to cover them all here again. But there are a few memories and 
anecdotes that are interesting and have never been told before. Ckie such memory has to do 
with the term "astronaut.” I remember very well using this term to describe the men to be 
selected as fUgit crew members with Dry den. The question came up as to vhether we should 
can them "astronauts" or "cosmonauts." Dryden was of the opinion that "cosmcxiaut" would 
probably be more accurate because astro, of course, applies to the stais, and we really 
were beginning to probe only the nearby cosmos. However, the way it turned out, everyone 
we talked to seemed to prefer "astronaut,” and this was the name that stuck. That is 
fortunate, I believe, because now vhen we say "astronaut," we know we mean Americans, and 
idien we say "cosmonaut,” we know we mean Russians. 

Initially our specialists in crew selection proposed choosing space pilots from 
people who had dangerous professions, such as race car drivers, mountadn clijmbers, scuba 
divers, as well as test pilots. Few people reaOized thai the degree of skill, knowledge, 
and training an astronaut would need. VIhen I^sidant Elsenhower decided that astronauts 
would be chosoi Dxxn a miUtaiTy test pilot pool, we breathed a sigh of relief. This was 
one of the best decisions in the program. It made it quite slirple and logicad to delegate 
fllgit control and comnand functions to the pilot of the satellite. 

We returned again to wallops Island in the Mercury Program to laurwh Mercury-type 
(Mpsules with the Little Joe rocket (Figure 14). We started first with a research program 
Just to get more fligit experience with the new space capsule configurations. Vfe had to 
be sure there were no serious performance and operational problems that we had slnply r»t 
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Fig- 

ProductiOT 'lixjury Capsule and Little Joe Booster 
Rocket in Back^xxind, Wallops Island 1961 


thought of in such a new and radical type of flight vehicle. We also went back to Wallops 
in April 1961, before the first Vostok and Mercury manned flights, to test the McDonnell 
capsule at hi^ dynanic pressures with the Little Joe rocket. The purpose of t ?se tests 
was to ensure that the escape tower and the spacecraft would function prqperly in the 
abort mode at high dynamic pressures. These tests proved hi^ily successful by uncoverir^ 
some deficiencies in the limit switch system thac sensed separatlxn which, if they had not 
been corrected, might have caused unnecessary aborts in the Pight te >ts that followed at 
Cape Canaveral. 

Our Space Task Group was growing. We were hiring not oidy from Langley, but 
from lewis and from other agencies of the Government, and from Industry as well. Those 
days must have been particularly difficult for Langley and Its Director, Floyd Thorpson, 
because there was such a need for good people tha*’ we coidd not help but continue to 
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recruit ft?an the Langley Research Center. Floyd Thoiipson was very wise In the way he 
handled this. He told rae oie day, "Bob, I dcxi’t mind letting you have as nany good people 
ft?an Lang .ey as you need, but fron new on I am going to insist that for each man you want 
to take, you must also take one that t want you to take." So this is the way it ha^^ned. 
Prexn that day forward, whenever we took a new man that we had recruited, we also to<* a 
man the Langley was eager to transfer. 

During those early days we had technical reviews of the progress about every two 
mcxiths. We either Journeyed to Washlngtoi with our charts and models to discuss with 
Adnlnlstrator Gl«man and his staff our prc®:«ss and problems, or he would come to Langley 
Field with Hugh Dryden, Abe SllVw. stein, and others frv, '^'»adq*iij?ters. These reviews were 
very good indeed because they set milestaies against vdvich we could Reasui« our progress. 
We were able to flag our problems for the Administrator, and we had plaity of them. 

of my problems in those days was getting authority from Washington to bulldtp 
an adequate- staff. This was a project of an entirely different dimension than anything the 
NACA had ever dcaie before, and even with ny best efforts, I still had only a hundred or so 
people for a project vhich was growing in conplexlty and spending many millions of dollars 
a year. We had to cover many fronts, not only in the manufacturing area and the launch 
vehicle area, but also in the operations area as well. We had to develop a worldwide 
tracking net, and work ouv recovery operatic»is with the U.S. Navy and Air Force. All in 
eill, we had many, many tasks, and for a time I got very little synpathy from my supa?lors 
in Washlngtoai whai I ^>proached then with the need for more men. Fortunately, however, 
they were ultimately convinced, and we received the Civil Service billets we needed fl?an 
the newly created Goddard Space Flight Center. 

We selected astronauts in April 1959; we flew the Big Joe c^sule, our flret 
fuU-sca.'.? reentry test launched by an Atlas, in September 1959* In July we suffered a 
major setback when our first Atlas^'fercury production vehicle failed structurally under 
launch loads. These problons were not cleared up until the fU^t of Mexroury-Atlas II in 
February I96I. In Decembr" I960, we had our first successful fllj^it test of a production 
capsule launched by the Redstone at Cape Canaveral. Things were beginning to fall into 
place, and we worioed hard to accomplish the first manned fll^t in 196I. 

THE END OF THE BEGINNING 

Our first fli^t in 196I launched the chlnpanzee named "Ham." Ham was a ftdendly 
little fellow vho received great play in the newspapers. His fll^t was highly successful 
from an aeromedlcaO. point of vie . He was able to furction perfectly during the period of 
wei^tlessness. He did all his chores and withstood not o«ly the normal launch accelera- 
tiais, but also a 20-g thrust of the escape tower which occurred because a Redstone timer 



was iJ!|)roper3y set and had not deactivated the abort circuit at the tljne of main-stage 
burnout. This was to give the capsule an added push on its way to a new distance record 
for a Redstone and a landing point far away Tran the recovery ships. 

After the flight of Ham and other tests on Rtlstone, Atlas, and Little Joe 
rockets, we were ready for manned fll^t. On 3> 1961, Alan Shepard became our first 
man Into space. later that month, the decision was made to establish a goal of landing 
Americans on the Moon and returning them safely to Earth before the end of the decade. 
Presldait Kennedy made that decision on tte advice of lyndcai B. Johnson, the Vice President, 
James Webb, the new NASA Administrator, and with the irnanlinous siq^iport of the Congress of 
the IMted States. This truly marked the end of the beginning. John Gl«m would fly 
successfully Into orbit In February 1962, to be followed by Scott Carpenter, Wally Schlrra, 
and Gordcsi Cocper — Coc¥>er making the laigrst fUg^it of the Mercury Program In May 1963. 

The years fhcm "Wallops Island co Mercury" saw the science of fll^t progress 
Ihom the sonic barrier to manned satellites capable of orbiting the Earth. In locMng 
back over those years, I think we were extremely fortunate to have developed the people 
and the capability for manned spacecraft design and operations . We were fortunate also to 
be there v^ien needed, and ^ven more fortunate to have been given the opportunity to 
participate in such an inportant and exciting part of world history. 
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APPENDIX A 


NovfMaber J, 1956 


MQC^UlOXm For Aitociftte Director 
Subject; 9p$LC€ f9Mk Otoup 

mf 

1« The Adaloletrator of NASA bet directed lae to organise a apace 
taak group to iapleaeot a Banned aateXlite pro lect . This taak group irill 
be located at tbe laagley Research Center but^ in accordance with the 
inat net ions of the Adainiatrator, vlll report directly to NASA Headquortera* 
In order that this project proceed vlth the utaioat apeed, it ia propoaed to 
fora thla apace taak group around a nucleua of key Langley peraonnel^ aany 
of vhoa haee already eorked on thia project. 

2. It la requested, therefore, that initially the fclloving 
langley peraomiel be «»iansferred to the Space Task Qroup: 

Andereon, M?leln S. (Structures) 

Bland, VHUlam M., Jr. (MU>) 

Bond^ Aleck C. (MRD) 

Boyer, WiUiui J. (IRD) 

Chilton, Robert C. (FRD) 

Doolan, Charles J. (QAD) 

Faget, Maxine A. (PAHD) 

Fields, Edison M. (BARD) 

Gllruth, Robert R. (CAD) 

Hamack, Jerome B. (FRD) 

Hatley, 3hlr3ey (Steno.) 

Hcbcrllg, Jack C. (BARD) 

Kicka, aalbome R., Jr. (BARD) 

Kbhlet, Al<ia B. (BTJID) 

Kolenklevlcs, Ronald (BARD) 

Kraft, Christopher C., Jr. (FRD) 

Lauten, VlUlaa T., Jr. (OLD) 

Lee, John B. (BARD) 

Uvesa/, Norma L. (Files) 

Loin!, Nancy (Jteno.) 

MacD^all, George F., JT. (StabUity) 

MM^ln, Betsy F. (BARD) 

Mkthevi, Charles W, (FRD) 

MiOrtr, John r. (FRD) 

Hihly. Vllllia C. (Planning) 

Buraer, Paul E« (BARD) 
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. g. 


*** » ■»>« an^rt 0. (W0) 

lhR7 I., *. (aifii 

Rt^art, fkwk c. (IMID) 

MUm, «BMpfe (Mtea) 

SMtor, B o tM a F. (Ftaeal) 

g ut gm l jm ». (atmo.) 

ttiFiwv taa 0 . (ran) 

, Mte I. (Mn) 

(fUM) 

■> (MMU^) 
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